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GENERAL INTRODUCTION 
Surfaces and Alloy Catalysts 
The study of surfaces is an Important topic In a surprisingly wide 
variety of disciplines. The fields of microelectronics, corrosion 
studies, biology and medicine all have something to gain by an Increased 
knowledge of surface behavior. The area of heterogeneous catalysis Is 
certainly no exception to the above list since the surface composition and 
structure of the catalyst Is extremely important In determining its 
activity (how fast it causes a reaction to reach thermodynamic equilibrium) 
and selectivity (which products are favored). 
Metal and alloy catalysts are used in several highly important 
commercial processes such as catalytic reforming, exhaust gas oxidation 
and ammonia oxidation. Reforming refers to a procedure of taking molecules 
from a gasoline fraction and causing them to undergo a variety of reactions 
such as Isomerization, dehydrogenatlon and dehyd%ocycllzatlon which results 
in a gasoline with Improved resistance to detonation, as measured by the 
octane number. About 25 percent of all the crude oil processed in the 
U.S. undergoes catalytic reforming which results In a yield of about 3 
million barrels per day. Typical alloy catalysts used in the reforming 
process include the platinum-rhenium and platinum-lrldlum catalyst. 
Another important use of alloy catalysts is in automobile catalytic 
converters. The purpose of the alloy catalyst in this situation is to 
convert unburned hydrocarbons and carbon monoxide present in the engine 
exhaust to carbon dioxide and water. Alloy catalysts used in these 
converters may contain platinum and palladium, and possibly a third 
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element such as rhodium. Catalysts containing platinum and rhodium In the 
form of gauze pads are used to oxidize ammonia to nitric oxide. The 
nitric oxide which Is formed then undergoes further oxidation to form 
nitric acid, the majority of which is used In the production of fertilizer. 
In addition to commercial uses, alloy catalysts have been studied In 
the research laboratory In order to gain fundamental understanding of 
catalytic processes. As an example, Slnfelt and coworkers [1] used a 
copper-nickel catalyst to study what effect the progressive diluting of 
a catalytlcally active element (nickel) with an Inert element (copper) 
would have on several different reactions. The results of this study 
showed that the Increased copper content had little effect on catalytic 
activity for the dehydrogenatlon of cyclohexane, but greatly decreased 
activity with respect to the hydrogenolysls of ethane. The authors 
concluded that the ethane hydrogenolysls reaction required two or more 
contiguous surface nickel atoms (an ensemble) In order to occur, while 
the cyclohexane dehydrogenatlon reaction could be catalyzed by a single. 
Isolated nickel atom present at the surface. 
Surface Segregation 
If one wishes to characterize the surface of a catalyst, there are 
several things to consider: crystallographlc orientation, the type and 
degree of "roughness" (steps, kinks, vacancies, etc.) and any impurities 
which may be adsorbed. However, one of the most Important characteristics 
to consider is the overall composition of the catalyst surface. Unfor­
tunately, the determination of the surface composition of an alloy 
catalyst is not a trivial matter, from either an experimental or 
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theoretical standpoint. Alloy surface compositions are difficult to obtain 
experimentally with a high degree of accuracy because, at the present time, 
the techniques available lack the degree of refinement necessary. If the 
surface composition of an alloy was the same as Its overall, or bulk 
composition It would be easy to accurately predict the makeup of the 
surface, since bulk alloy compositions may be formulated to a high degree 
of accuracy or accurately measured. In general, however, It Is found 
that surface compositions differ from that of the bulk of the material; 
In a binary alloy one element tends to be present at the surface in a 
greater concentration than it exists in the bulk and is said to have 
undergone surface segregation. 
The theoretical foundation for surface segregation was laid down by 
J. W. Gibbs In 1876-78 [2]. The pertinent result of this work is the so-
called Glbbs adsorption Isotherm equation given by: 
where is termed the "surface excess" of component A (in an A-B binary), 
a is the surface free energy (sometimes called surface tension when 
referring to liquids), and the chemical potential of A. Qualitatively, 
what equation (1) states is that a component which tends to lower the 
surface free energy will be present in excess in the surface region. It 
should be noted that equation (1) is not in a form which allows one to 
quantitatively determine surface segregation using readily available data, 
although it is thermodynamlcally rigorous. Therefore, researchers have 
developed models which allow one to estimate the degree of surface 
(1) 
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segregation occurring using more easily obtainable data. For example, 
the work done by Butler [3] and Shuchowltzky [4] led to the development 
of the following expression: 
D 
where x^  and Xg represent the mole fractions of A and B In the outermost 
atomic layer, x^  and Xg represent the bulk compositions, and 
represent the pure component surface free energies and A the average 
molar area of the two species. The major assumptions made to obtain 
equation (2) were Ideal solution behavior and a surface region consisting 
of the outermost atomic layer, or, alternatively, a surface region 
comprised of multiple atomic layers of equal composition. While Butler 
used a classical thermodynamic approach to derive the expressions leading 
directly to equation (2), Belton and Evans [5] achieved the same result 
using a statistical thermodynamic approach. 
Guggenheim [6] expanded upon the monolayer model described above 
by using regular solution theory to model the mixing behavior of the 
constituents. Van Santen and Boersma [7] applied the model of Guggenheim 
to calculate surface segregation in the silver-gold alloy system. Both 
random and nonrandom regular solution models were compared by Jablonskl 
[8] who performed calculations on a variety of binary alloy systems. 
Little difference was found in the predicted results. 
While monolayer surface region models, such as those described above, 
provide some important insights into Interfacial phenomena, It is 
desirable for both theoretical and practical reasons to assume that the 
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surface region of a material Is comprised of more than one atomic or 
molecular layer. Thus, Defay and Frigoglne [9] proposed a model In which 
the surface region consists of two atomic or molecular layers. In 
deriving their model, Defay and Frigoglne used a statistical thermodynamic 
approach and assumed regular solution behavior. The resultant set of 
equations describing surface segregation were then shown by the authors 
to be within a small margin of error of being thermodynamlcally consistent 
with the Glbbs adsorption Isotherm equation. This is in contrast to the 
Guggenheim model which is thermodynamlcally consistent only in the limiting 
case of ideal solution behavior. 
In a series of articles published by Ono et al. [10-12], the above 
idea of modelling a surface region as having more than one atomic or 
molecular layer was taken to its logical limit and a surface region 
consisting of an infinite number of layers was considered. A rigorous 
statistical thermodynamic approach was used by these researchers in 
developing this model. As did Guggenheim, Defay and Frigoglne, Ono and 
coworkers assumed a binary system with each component having equal and 
constant surface areas and assumed the system to behave as a regular 
solution. The authors next went to show that their model was consistent 
with the regular solution Glbbs adsorption isotherm equation. 
In 1974, Williams and Nason published a frequently cited article [13] 
dealing with surface segregation in binary alloys in which a so-called 
"broken bond" model was used to determine surface composition profiles. 
The basic approach used by these authors involved constructing a quasi-
chemical thermodynamic model of a surface region in an alloy crystal in 
which the first four atomic layers were allowed to differ in composition 
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from the bulk. However, the authors. In deriving their basic model, 
failed to take into account the variation of bond strength with atomic 
coordination. 
A slightly different approach to the development of a multilayer 
surface segregation model was presented in a series of papers by Mezey and 
Giber [14]. These researchers formed an expression for the total Gibbs 
energy of an alloy with a multilayer surface region and used the method 
of Lagrange multipliers to perform a constrained minimization on this 
expression and derive a set of equilibrium relations. By postulating a 
form for the surface chemical potential of a species and substituting 
into the equilibrium relations derived, Mezey and Giber were able to 
predict surface composition profiles in selected binary systems. 
The Monte Carlo technique has been used by several researchers in 
predicting surface segregation in binary alloys. Binder et al. [15] used 
the Monte Carlo method to predict surface segregation in hypothetical 
binary alloys. Sundram and Wynblatt [16] used the Monte Carlo approach to 
study the behavior of hypothetical alloy systems and also published results 
of their predictions of segregation behavior in the AuNl system. 
A major improvement in the Monte Carlo technique applied to 
surface segregation in alloys was made by Donnelly and King [17] whereby 
atom-atom Interaction energies were allowed to vary with coordination 
number of the atoms involved. Prior to this work, bond energies were 
assumed to remain constant with respect to coordination number which is 
contrary to observation. Using the above bond energy model, surface 
segregation profiles for the copper-nickel binary were computed for 
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different surface orientations and temperatures. Similar computations 
were performed by Donnelly and King [17] for the silver-gold system. 
An embedded atom method of calculating atom-atom Interactions was 
used by Folles [18] doing Monte Carlo simulations of surface segregation. 
Computational results were presented for the copper-nickel system which 
showed a first layer enrichment of copper and a second atomic layer 
depletion relative to the bulk copper concentration. This result is 
contradictory to all other previous models which predicted a second layer 
enrichment of copper also. 
The work described in the preceding pages constitutes the core of 
thermodynamic models for surface segregation. In the following paragraphs 
brief discussions will be given to surface segregation literature which 
in most cases Is closely related to that already described. 
The effect of lattice strain energy in grain-boundary segregation In 
metals was described by McLean in 1957 [19]. Since that time several 
researchers have incorporated the concept of a strain energy "driving 
force" In regular solution models in an effort to account for the effect 
that size differences between atoms has on surface segregation. Wynblatt 
and Ku [20] combined a strain energy model with a monolayer regular solu­
tion model to predict surface segregation in binary alloys. Strain effects 
are accounted for in a two-layer surface model proposed by Gljzeman [21] 
whereby the lattice constant of the alloy is allowed to vary with composi­
tion. Lee and Aaronson [22] included strain energy In a multilayer regular 
solution model and published sample calculations for the AuCu system. 
Abraham et al. [23] performed Monte Carlo surface segregation calculations 
which made use of a strain energy model. 
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The realization that relatively few alloy systems behave as regular 
solutions has led to models which attempt to better approximate behavior 
In the majority of alloys. One such approach was given by Kumar et al. 
[24] who introduced short range order parameters Into a multilayer surface 
model. Cheng and coworkers [25] used an approach similar to that of 
Kumar. In this work an empirically determined correction factor was used 
In order to obtain better results with real alloy data. Both short range 
and long range order parameters were used by Moran-Lopez and Fallcov [26]. 
First layer vs. bulk composition calculations for hypothetical alloys were 
presented In this work. Donnelly and King [17] modified the multilayer 
"broken bond" model by Williams and Nason [13] to allow bond strengths 
of surface atoms to differ from bond strengths of bulk atoms. 
A slightly different approach to the prediction of surface segrega­
tion Involves the use of detailed computations of electronic energies In 
the alloy. As with purely thermodynamic models these "electronic models" 
employ the assumptions regarding the number of layers In the surface 
region and the relative sizes of the atoms involved. Lambin and Gaspard 
[27] proposed a monolayer model in which the energy change occurring when 
a bulk atom exchanges with a surface atom is calculated from the electronic 
structure of the alloy. Kerker et al. [28] along with Balselro and 
Moran-Lopez [29] presented a multilayer electronic model in which the free 
energy is determined from electronic calculations and subsequently 
subjected to a constrained minimization in order to determine equilibrium 
compositions. Results for the AuCu system are presented in the paper by 
Balselro. Tomanek et al. [30] combined electronic theory with a strain 
energy model to predict surface segregation in several Pt-based alloys. 
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Yamauchl [31] used electron-density-functional theory In a model which 
assumed a constant value of positive charge density in the alloy. Some 
comparison is made in this paper with experimental data. Lundberg [32] 
used a type of electronic energetic model known as the embedded atom 
method (EAM) in a multilayer model to perform calculations on the platinum-
nickel system. 
Several researchers have proposed less formal, semi-empirical "rules 
of thumb" for predicting qualitatively whether or not a given alloy 
system will exhibit significant surface segregation and, If so, which 
component will become enriched at the surface. Burton and Machlln [33] 
proposed that the melting curve of an alloy can be used to predict if a 
solute will segregate or not. According to this argument a solute 
which becomes enriched in the liquid phase as It undergoes a solid-liquid 
phase transition in an alloy should also undergo surface segregation in 
that alloy. This rule has been shown by Tsal et al. [34] to work for many 
but by no means all alloy systems. Mledema [35] proposed a semi-empirical 
model which took into account pure component surface tensions, atomic 
size differences and heats of mixing to predict segregation. Chellkowsky 
[36] demonstrated that this method was qualitatively accurate in predicting 
segregation behavior in a wide variety of binary alloy systems. 
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BIMETALLIC CATALYST PARTICLES 
The term bimetallic catalyst particle refers to a small (usually 
<100&) particle comprised of two metallic elements which Is generally 
supported on a material such as silica or alumina. Some of the more 
Important commercial uses of bimetallic catalysts Include catalytic 
reforming, ammonia oxidation and automobile exhaust gas oxidation. The 
reason "bimetallic" Is used rather than "alloy" to describe these particles 
is to denote the fact that while the two elements may be Intimately mixed 
at the particle level, the same two elements (at the same temperature, 
pressure and. composition) may exhibit a mlsclblllty gap at the macroscopic 
level [37]. 
Because of the small size of bimetallic catalyst particles and the 
fact that the metal particles themselves typically comprise less than 5% 
by weight of the total catalyst material, experimental characterization of 
the surfaces of these particles is extremely difficult. Therefore, 
several different approaches have been used to try and predict surface 
compositions of bimetallic particles. A multilayer regular solution 
model was applied by Burton et al. [38] to Cu-Nl and Au-Ni particles with 
the result that the Cu and Au were predicted to segregate to the surface 
of the particle. Although classical-type thermodynamic models such as the 
one described above can give estimates of overall surface composition of 
a bimetallic particle, it is frequently desired to obtain microscopic 
Information about a particle such as how the surface atoms are arranged 
geometrically. The Monte Carlo simulation technique is well suited for 
making such predictions. It is capable of being applied to systems of 
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atomic scale and has been used by several authors to model small 
bimetallic particles. Tsal et al. [39] use the Monte Carlo simula­
tion technique to study unsupported Cu-Nl, Cu-Ru and Cu-Os particles 
while Sundram and Wynblatt [16] modelled hypothetical, unsupported 
bimetallic systems In order to better understand segregation effects at 
low-coordinated surface sites. 
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RESEARCH OBJECTIVES 
Since the composition and geometric arrangement of atoms on the 
surface of an alloy catalyst are so crucially Important In determining 
activity and selectivity. It Is advantageous to be able to qualitatively 
and quantitatively predict such characteristics In order to better tailor 
the catalyst to the desired application. Thus, the purpose of the research 
presented In these pages Is to provide a means of predicting surface 
compositions in planar, semi-infinite alloy systems and to predict both 
surface compositions and surface atom geometric arrangements on small 
bimetallic catalyst particles. Two different modelling techniques, each 
well-suited for the system being modelled, are used. A multilayer, multi-
component surface segregation model is developed using a semi-classical 
thermodynamic approach in order to predict surface compositions in semi-
infinite alloy systems. The advantages of this model over previously 
published models include the ability to model systems with complex solution 
behavior, the ability to account for size differences between atoms, and 
the ability to model alloy systems with more than two components. To model 
supported bimetallic catalyst particles, the Monte Carlo simulation 
technique will be used. This method is capable of not only predicting 
gross surface compositions of the particles, but also providing microscopic 
Information such as clustering tendencies of surface atoms and surface 
site preferences for elements, as well. In order to check the validity of 
the models used, results of computations are compared to experimental 
results which were either previously published or obtained by the author. 
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Explanation of Dissertation Format 
The dissertation contains two sections, each of which Is written In 
a form suitable for publication In a technical journal. Each section 
contains a listing of references cited In that section. References cited 
In the General Introduction and Appendix C are found at the end of the 
dissertation. The research presented In each section has been conducted 
by the author. 
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SECTION I. PREDICTING SURFACE SEGREGATION IN BINARY AND TERNARY ALLOY 
CATALYSTS USING A MULTILAYER, MULTICOMPONENT MODEL 
14 
ABSTRACT 
A model for the qualitative prediction of surface segregation in 
alloy systems is presented. A quasi-chemical thermodynamic approach Is 
used in the development of the model and a multi-layered surface region 
is assumed. Features of this model include multlcomponent capability 
and Incorporation of surface free energy data. No adjustable parameters 
are needed. 
The Ag-Au, Cu-Nl, and Au-Nl binary systems were studied as well as 
the Cu-Nl-Pt ternary system. Silver was predicted to segregate to the 
outermost atomic layer in the Ag-Au binary and surface layers were found 
to be alternately enriched or depleted in silver (relative to the bulk 
region). Good agreement was found between predicted first layer silver 
compositions and Auger data. In the Cu-Nl binary, copper was predicted 
to segregate to the outermost atomic layer and decrease in concentration 
in a monotonie fashion until the bulk composition was reached. Both 
regular and Margules solution models were used In this alloy with the 
Margules model agreeing better with experimental data. The segregating 
element In the Au-Nl binary was found to be gold. Greater segregation of 
gold and better agreement with experimental data resulted when the size 
differences between the elements were accounted for. In the Cu-Nl-Pt 
system, copper was predicted to segregate to the surface causing a 
relative depletion of both nickel and platinum in the first atomic layer. 
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INTRODUCTION 
The understanding of the composition, structure, and behavior of 
surfaces is extremely important in a wide variety of disciplines. Micro­
electronics, medicine, corrosion, and catalysis are just a few of the 
areas in which the understanding of surfaces is crucial in obtaining 
overall discernment. If one desires to predict the composition of the 
surface of a mixture (either liquid or solid), then it is necessary to 
understand the phenomenon of surface segregation. Surface segregation 
refers to the appearance of atomic or molecular species in a greater 
concentration at a surface than is present in the bulk of the material. 
The occurrence of surface segregation is of significance in heterogeneous 
catalysis and in particular in alloy and multlmetallic catalysis. 
Alloy and multlmetallic catalysts are Important industrially for 
their use in such processes as reforming, automobile exhaust gas 
oxidation, and ammonia oxidation. Because the composition of the surface 
of such catalysts is critically important in determining activity and 
selectivity, it is desirable to quantitatively predict the degree of 
surface enrichment or depletion of the elements present in the catalyst. 
The first person to lay the theoretical groundwork for the predic­
tion of surface segregation was J. W. Gibbs [1] who used the postulates 
of classical thermodynamics to derive the following equation; 
Pa = (: 
In the above expression, commonly known as the Gibbs adsorption Isotherm 
equation, represents the "surface excess" of component A in an A-B 
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binary, o the surface tension, and the chemical potential of A, The 
surface excess is defined by the relation 
AFi = - (NJ + NJ) 
!!Co t 
where A is the interfacial area, is the number of total moles of i 
in the system and and represent the number of moles of i in phase 
01 and 3 respectively, assuming the concentration of i in these phases to 
remain constant and equal to their bulk values up to the imaginary 
"dividing surface". Qualitatively, what equation (1) says is that if an 
increased amount of A tends to lower the surface tension of the solution, 
then component A should be found in excess within the surface region. 
While equation (1) is thermodynamically rigorous, it is not in a 
form which allows one to readily calculate surface compositions given 
only overall concentrations, temperature, and pressure. Since the time 
of Gibbs, therefore, much effort has been expended in developing models 
for predicting surface segregation which use easily measurable or 
obtainable data. These surface segregation models differ from one 
another mainly in the assumptions used regarding the thickness of the 
surface region (i.e., how many atomic or molecular layers at the 
interface are allowed to vary in composition from the bulk of the 
material) and in the manner in which solution behavior is characterized. 
Butler [2], in 1932, made the assumption that the surface region 
consisted of only the outermost layer of atoms or molecules and defined 
chemical potentials in the surface region using activity expressions 
analogous to those used in bulk systems, for example: 
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= *1'° + RTlna^  (2) 
S so 
where is the chemical potential of A in the surface region, the 
g 
pure component surface chemical potential, and a^  the activity of A in 
the surface layer. Using the assumptions of a monolayer surface region, 
ideal solution behavior, and constituents with equal surface areas, 
Shuchowltzky [3] derived the following expression for the prediction of 
surface segregation in binary systems: 
X^ /X^  = (X^ /X^ )exp[A(a^  - a^ )/RT]. (3) 
In this expression, X^  and X'y represent the first-layer mole fractions 
3 3 
of components A and B, respectively, X^  and Xy the respective bulk mole 
fractions, A represents the molar area of the components, and and 
represent the pure component surface tensions of A and B. Guggenheim 
[4], in an effort to incorporate more complex solution behavior, assumed 
regular solution behavior and used a statistical thermodynamic approach 
in developing equations for predicting surface segregation in the mono­
layer region. Defay and Prigogine [5] showed that, while accurate for 
some systems, the Guggenheim model was fundamentally Incorrect in that it 
failed to meet the rigorous thermodynamic criterion expressed in the 
Glbbs adsorption isotherm equation. In order to come closer to meeting 
this criterion while still assuming regular solution behavior, Defay 
and Prigogine allowed for the outermost two atomic or molecular layers 
of a solution to differ in composition from the bulk. The logical limit 
to the regular solution surface segregation model for binary systems 
comprised of molecules of equal surface areas was reached by Ono and 
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coworkers [6] who derived a model (using a statistical thermodynamic 
approach) for a surface region containing an infinite number of layers 
and which was consistent with the Glbbs adsorption isotherm. A semi-
classical thermodynamic technique was used by authors Mezey and Giber 
[7] in developing a multilayer surface segregation model. In this 
development, equilibrium criteria were derived from performing a 
constrained minimization on an expression for total Glbbs energy. An 
expression for the chemical potential of the surface region was then 
postulated. 
Numerous techniques, in addition to those described above, have 
been proposed [8-21] for predicting surface segregation in binary 
systems, the main differences between them being the manner in which 
the solution energetics are accounted for and the number of atomic or 
molecular layers considered to be in the surface region. However, despite 
the relatively great number of methods which have been used to predict 
surface segregation, there still Is a need for a model general enough 
to account for segregation behavior in multilayer systems containing 
three or more constituents, and which can also account for, in a rigorous 
fashion, any size differences between components. There is also a need 
for a model which utilizes surface free energy data to account for 
bonding energy differences between surface and bulk components. For 
example, some of the so-called "broken-bond" models (e.g., ref. [8]) use 
only bulk data and figure the differences between bulk and surface bond 
strengths. In this paper we present such a multilayer, multicomponent 
19 
model and demonstrate how it can be used to predict surface segregation 
in alloy systems of catalytic importance. 
20 
THEORY 
The derivation of the multilayer, multicomponent surface segregation 
model begins by assuming a semi-infinite solid with a planar surface 
comprised of a series of atomic layers, A, numbered in ascending order 
in the direction from the outer surface towards the bulk region. The 
fundamental equation for layer £ in a system comprised of m distinct 
chemical species can then be written as 
component 1 in layer A, 2-1, and &+1, respectively. Since the model 
developed assumes that only nearest-neighbor interactions are important, 
the mole numbers of components in the layers adjacent to layer & are 
included in equation (4). Using the method of Legendre transforms [22], 
one may express the total differential of (4) at constant temperature 
and volume as 
/ = f(T,V,A\N^ ,N2 (4) 
£ a  
where 2 is the total Helmholz energy of layer Z, A the total area of 
z  1 layer A, and the N , N , N terms represent the mole numbers of 
dF^  = o^ dA^  + EyJdNj + Z; 
1 1 
(5) 
where 
- T,V,N^  1 T,V,A,Nj^ N^  
a  Writing dA in terms of partial molar areas (A^ ) gives 
a  
Z  , Z and = 
Z 
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dA^  = E A*dN* . (6) 
i 
Substituting (6) into (5) and rearranging yields: 
From (7) one can immediately write 
+ ^ 1 • (8) 
T.V.NjfN^  
£ Using equation (8) to define a "surface chemical potential", 6^ , in a form 
analogous to that of bulk chemical potential allows one to write 
s 6°'^  + RTlnaJ (9) 
^ 1^ T.V.N^ N^^  
where a^  is the surface activity of component 1 in layer H and 6^ '^  is the 
pure component surface chemical potential of i in layer i. Since under 
equilibrium conditions the chemical potential of component 1 in the bulk 
region must be equal to the chemical potential in layer &, 
= )j^  = + RTlna^  (equilibrium) (10) 
where the g superscripts indicate the bulk region and is the pure 
component bulk chemical potential of 1. Substituting (9) and (10) into 
(8) yields; 
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<sj'^  - + RTln^ -^ =^ . (11) 
Because the above equation must hold for all compositions, including pure 
1, the relation in (11) becomes 
6°** - Aj (12) 
£ 
where A^  is the pure component molar area of 1 in layer £ and similarly, 
£ is the pure component surface free energy of 1 in layer &. Substituting 
(12) into (11) and rearranging gives 
0 0 AJ RT /aj \ 
" ' "^(~6 ) 
h h 
In general, for a system containing m chemical species m equations 
of the form given in (13) may be written for a given atomic layer. 
£ 
Eliminating the common variable a results in a set of m-1 independent 
equations per layer. If one desires to calculate composition profiles 
from these equations, it is necessary to express the unknown variables 
in terms of the constituent mole fractions present in each layer. Thus, 
for a system comprised of £ atomic or molecular layers, the net result is 
a system of £(m-l) Independent, non-linear equations with £(m-l) unknowns 
(the independent mole fractions of the species in the different layers). 
The equilibrium composition profile is therefore determined by the set of 
mole fractions satisfying this system of equations. It should be noted 
that if one starts with equation (13) and makes the appropriate assumptions 
(monolayer surface region, ideal solution behavior, equal and constant 
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molar areas), the result for a binary system is the same as given in 
equation (3). 
Two terms that must be expressed in terms of composition in (13) 
before solving are the partial molar area term, and the surface 
% 
activity term a^ . The partial molar areas may be stated in terms of 
mole fractions by either proposing a functional relation or by obtaining 
actual atomic area versus composition data and differentiating. In 
order to express the non-linear term containing the surface activity in 
terms of mole fractions, It is first necessary to make several assumptions. 
If one assumes that the energy of an alloy crystal can be modelled by 
the atoms in the crystal being connected to each other by chemical bonds 
which are characteristic of the two atoms participating in the bond (the 
quaslchemical approximation [23]) and assumes the energetic state of a 
given atom can be described by only taking into account nearest neighbor 
Interactions, then the activity of a species in an atomic layer must be 
a function of the composition in that layer and in the two adjacent 
layers. Mathematically, this may be stated as 
a'^  = f[(x*,x2...x*_^ ),(x*"^ ,x2"^ ...x^ ^^ ),(x*^ ,^x^ ^^ \..x^ ^^ )] (14) 
(k) 
where terms of the form x^  represent the mole fractions of species 1 
in layer k. Equation (14) thus serves as a means of coupling the 
equations given in (13). The assumptions regarding nearest-neighbor-only 
interactions have been shown by the use of various potential models 
[24, 25] to be reasonable for FCC systems. In the case of an A-B binary 
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alloy system where random-mixing, regular-solution behavior is assumed, it 
can be shown that (see Appendix) 
RTln(ag) = NqW /^Z{Zj^ (x^ )^ +Z [^(x^ "^ )^ +(x^ '*"^ )^ ]}+ RTln(Xg) (15) 
where Nq = Avogadro's number and Z, Z^ , and Z^  are the total, lateral, 
and vertical coordination numbers, respectively. The term in (14) 
is the "regular solution parameter" and is defined using bulk AA, BB, and 
AB bond energies by the relation 
"aB = + VI-
In practice, values for may be calculated from excess free energy of 
mixing data [23] by using the relation 
O^'^ AB ' ''^ A^ B' 
In a similar fashion to the two-component case, the surface activity 
for a multicomponent regular solution system can be written as 
RllnaJ . 
1 JK 
+ Z^ j(l-x*+l)ZWijXj+l - }+RTlnx^  . (18) 
The terms enclosed in the brackets in (18) represent the contribution of 
the activity coefficients of layers £, A-1, and A+l to the total activity 
expression. Thus, if one supposes the above form of the surface activity 
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holds for the general case of non-regular solution behavior, the surface 
activity expression for component i may be written as 
RTlnaJ - RTln{l/Z[Z^ y* + + RTlnxJ, (19) 
where the terms y^ > Y^  and Y^ ^^  represent the activity coefficients 
of component i in the A, &-1, and £+1 layers, respectively. 
The activity models derived above are different from the model 
proposed by Mezey and Giber [7] in which the authors multiply the bulk-
type activity contributions of the adjacent layers to surface activity 
by a factor, a, as opposed to the ratio of vertical bonds to total bonds. 
In analogous fashion, Mezey and Giber assign the coefficient (l-2a) to 
the lateral component of the surface activity instead of the ratio of 
lateral to total coordination. The factor a is an empirically determined 
parameter which, in essence, attempts to account for long range atomic 
interactions and subtleties involving the nature of metal-metal bonding. 
It will be shown that confusion between surface and bulk configurational 
energies may lead to an indiscriminate use of coefficients containing a. 
Mezey and Giber treat a as a constant for a given alloy system (a is set 
equal to the arithmetic average of the pure-component a terms) and use it 
in all the surface activity expressions, regardless of the atomic layer. 
Such a usage is inappropriate, however, since in calculating a pure 
component data for a is used: 
In the above expression aP is the value of a for pure i, the pure 
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component product of a and molar area, and AG* the "molar Internal 
enthalpy of atomizatlon". Note, however, that the term is comprised, 
in part, of differences in bond energies of fully coordinated atoms and 
atoms with less than full coordination. Since bond energies vary with 
coordination, the use of a. for layers whose atoms are all fully 
coordinated (i.e., atoms in all atomic layers but the first) is not 
proper. Another point of confusion arising from the Mezey and Giber 
model results from their definition of a surface "excess chemical 
potential", This term is not an excess quantity in the usual 
sense; it does not equal zero for an ideal solution because it contains 
the product of pure component surface free energy and pure component 
molar area: 
= RTlny* + . (21) 
On the other hand, the bulk excess chemical potential defined by the 
authors does equal zero for an ideal solution. These definitions 
necessarily force all the pure-component surface free energy contributions 
to the first layer. While this approximation is a reasonable one, these 
definitions of excess chemical potential result in the inappropriate use 
of a to describe interlayer interactions other than the first. 
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SOLUTION OF THE MULTILAYER, MULTICOMPONENT EQUATIONS 
The algorithm used to solve the set of equations of the form given 
in (13) Is essentially one of multivariable successive substitution. 
Initially, all the layers in the surface region (arbitrarily chosen to 
be 20 layers deep for the results shown below) are assumed to be of the 
same composition as the bulk region. Beginning with the outermost layer, 
values of a are computed in reference to each component present in the 
system. A weighted average value of a (a ) is then determined by the 
expression 
- Z (22) 
i  ^
Z i 
where a ' is the value of a calculated given the current values of the 
Z  
variables on the right-hand side of equation (13). New values of are 
then generated by replacing a in (13) by 5^  and solving for x^ : 
« Z V  -  aM 
(23) / l\.X 
£ 
It should be noted that in the above expression is still determined 
0 
using the "old" compositions. The term in (22) and (13) is taken to 
be equal to the pure component surface free energy for the outermost layer 
and zero elsewhere. This approximation is in keeping with the nearest 
neighbor interaction philosophy of the activity model. 
After all of the mole fractions in a given layer have been updated, 
the above process of revising composition is repeated for the next 
deeper layer. After the deepest layer is reached, the convergence 
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criterion is checked and if not found to be satisfactory, the entire 
procedure Is repeated starting from the first layer. The convergence 
criterion requires that the updated values for mole fractions differ 
negligibly from the old values. When the criterion is met, the 
equilibrium conditions expressed by (13) are satisfied and the final 
values of the mole fractions of all the layers constitute the equilibrium 
composition profile. The main advantages of this algorithm are that it 
correctly incorporates surface free energy data (which in effect allows 
the bond energies of the surface atoms to differ from bond energies In 
the bulk state), it allows for great flexibility in choosing an activity 
model, it permits multicomponent alloys to be modelled, and it directly 
accounts for size differences between components. 
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RESULTS AND DISCUSSION 
Results of calculations using the above algorithm are presented for 
Ag-Au, Cu-Ni, Au-Ni binary systems, and the Cu-Ni-Pt ternary system. 
Activity coefficients were determined using either the regular solution 
model (see equations 14 and 15) or the three-suffix Margules model given by 
RTlnVi = (A + 3B)(X2)^  - 4B(x2)^  
RTlnYg = (A - 3B)(xj^ )^  + 4B(x^ )^  (24) 
where the constants A and B are determined from activity data at 
infinite dilution. Atomic areas were obtained from lattice constants 
using the relations 
4oo - 4'^ = 4ll ° <"> 
where a^  is the lattice constant and A^ g^ and A^ ^^ i the pure-component 
atomic areas for the (100) and (ill) surfaces, respectively. Data for 
lattice constants were taken from ref. [26], Unless otherwise noted, 
lattice constants were assumed to be linear functions of composition, a 
common observation for many alloy systems [26]. Lattice spacing relaxa­
tion at the surface is ignored. This is a good approximation for a (111) 
or (100) orientation but may be Incorrect for other orientations. Pure 
component surface free energy data for all the elements studied were 
obtained from refs. [27, 28] while data used in calculating regular 
solution parameters and Margules constants were taken from Hultgren 
et al. [29]. Examples of some of the values of parameters used in the 
computations are listed in Table 1. 
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Table 1. Molar areas and surface free energies 
Element A (x 10® cm^ /mole)* a (x 10 ^  cal/cmf) 
Ag 5.04 3.07 (550K) 
Au 5.01 3.61 (550K) 
Cu 3.95 3.86 (HOOK) 
Ni 3.73 5.03 (HOOK) 
Pt 4.63 6.14 (HOOK) 
*(100) surface, 298 K. 
The surface segregation model described in the above paragraphs 
requires data for pure component surface free energy, heat of mixing, and 
molar area. Of these, the most difficult to obtain experimentally are 
surface free energy data for solid metals. Therefore, it may be necessary 
in some cases to resort to methods of estimating the surface free energy 
of a pure, solid metal. One such method is the correlation for cubic 
metals given by Murr [28]; 
a .  èl.2a„ +0.45(T„ - T) (26) 1 im m 
2 
where is the surface free energy of the solid (in ergs/cm ) at 
temperature T and is the surface tension of the liquid metal at the 
melting temperature, T^ . Data for have been compiled for virtually 
all metals of catalytic importance and are readily available [28]. Another 
correlation, given by Tyson [27] makes use of heat of sublimation data: 
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o^ A = IcAHq^ "^  - RT . (27) 
In the above expression, A represents the pure component molar area at 
temperature T and AHq"^  represents the heat of sublimation of the metal 
at 0°K. The heat of sublimation data may be obtained from such references 
as Hultgren et al. [30] or Klttel [31]. The parameter k Is empirically 
determined and found to have a value of 0,25 for an "average" surface 
for metals with cubic or hexagonal structure. For the (111) and (100) 
surfaces of an FCC metal, the values of k are 0.17 and 0.20, respectively. 
A brief comparison of the above two estimation methods Is shown in Table 2. 
The crystallographlc orientation for the experimental values used in this 
table is not specified and can be thought of as an "average" surface 
orientation. 
If heat of mixing data for a metallic system cannot be obtained from 
a published source containing experimentally determined values ( e . g . ,  
ref. [29]), one must turn to sources which use theoretical techniques to 
predict such values. One such source is the paper by Mledema [32] which 
outlines an electronic model for the prediction of heats of formation for 
alloys. A useful table summarizing the heats of formation for all possible 
(binary) 1:1 transition metal alloys is presented in this reference. 
Ag-Au System 
The Ag-Au system was chosen to illustrate the surface behavior of an 
exothermic alloy. Figure 1 shows a plot of surface (layer 1) composition 
vs. bulk composition of Ag assuming a regular solution activity model. 
Notice the segregation of Ag to the surface, due mainly to its lower 
Table 2. Comparison of surface free energy estimation methods 
Metal T(K) Surface Surface free energy values (x 10 ^  cal/cm^ ) 
Estimated 
Equation (26) Equation (27) 
Experimental 
Ft 1473 
Average 
(111) 
(100) 
5.78 5.19 
4.87 
5.07 
5.98 
Ni 1573 
Average 
(111) 
(100) 
5.27 4.69 
4.21 
4.44 
4.78 
Bh 298 
Average 
(111) 
(100) 
7.82 5.86 
5.83 
5.97 
NA 
R^eference [27]. 
Figure 1. First layer surface segregation of silver in the Ag-Au system, T = 550 K, (100) surface 
o> 
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surface free energy as compared to Au. A typical composition depth 
profile for the Ag-Au alloy is shown in Figure 2. The "damped oscillatory" 
behavior of Ag composition seen in this figure is due to the exothermic 
heat of mixing exhibited by this system; since unlike atoms prefer to be 
adjacent to one another in an exothermic system, the relative abundance 
of Ag in the first layer results in a relative abundance of Au in the 
second atomic layer. Table 3 is a comparison of a composition depth 
profile for the Ag-Au alloy using the methods described in this paper to 
profiles computed using the Monte Carlo simulation technique and Auger 
data of King and Donnelly [18, 19]. Note that although the Monte Carlo 
technique is completely different from the multilayer model described 
here, the agreement between the results is very good. Figure 3 is a 
comparison of predicted first layer silver composition of the Ag-Au 
system as calculated by several methods as well as Auger data. The 
"Modified Williams and Mason" model in the legend refers to a Williams 
and Nason "broken bond" model in which allowance was made for the bond 
energy of the surface atoms to be different than bulk atom bond energies. 
Agreement of the multilayer model presented in this paper with the Auger 
data and other models is excellent. 
Cu-Ni System 
A good example of an alloy which exhibits endothermic mixing behavior 
is the Cu-Ni system. A graph of layer 1 vs. bulk Cu composition is shown 
In Figure 4 for the (111) surface, again assuming a regular solution 
activity model. Notice that in this alloy, the Cu Is the segregating 
component. A typical composition depth profile for the Cu-Ni system is 
Figure 2. Surface region composition depth profile for the Ag-Au system 
Bulk Mole Fraction Ag = 0.5 
T = 550 K, (100) Surface 
11 
.9 -
Atomic Layer 
w 
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Table 3. Comparison of Ag-Au depth profiles from this work to profiles 
computed using the Monte Carlo simulation technique and to AES 
data [18, 19] where available 
X (Bulk) Layer Technique Ag 
This work Monte Carlo AES 
*Ag *Ag V 
1 .67 .68 .72 ± .06 
2 .19 .21 .20 ± .10 
0.3 3 .34 .39 
T = 550 K 4 .29 .29 
5 .30 .30 
6 .30 .30 
1 .62 .64 .60 ± .07 
2 .21 .22 .24 ± .11 
0.3 3 .33 .34 
T » 650 K 4 .29 .30 
5 .30 .30 
6 .30 .30 
1 .59 .61 .61 ± .10 
2 .23 .25 .26 ± .15 
0.3 3 .32 .31 
T = 750 K 4 .30 .30 
5 .30 .30 
6 .30 .30 
1 .88 .88 
2 .36 .36 
0.5 3 .56 .56 
T = 500 K 4 .48 .48 
5 .51 .51 
6 .50 .50 
1 .97 .97 
2 .61 .58 
0.7 3 .73 .73 
T = 550 K 4 .69 .67 
5 .70 .70 
6 .70 .70 
Figure 3. Comparison of other predictions for the surface segregation of silver in the Ag-Au 
system with this work and ASS data 
u. .6-
cn Monte Carlo 
Monolayer Ideal Solution 
Modified Williams & Nason 
.3-
Classical tbiltilayer 
.2-
Williams & Nason 
AES Data [18, 19] 
Bulk Mole Fraction Ag 
Figure 4. First layer surface segregation of copper in the Cu-Ni system, T = 773 K, (111) surface 
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shown In Figure 5, In contrast to the profile for Ag-Au, the endothermic 
mixing nature of the Cu-Ni system results in a profile which exhibits a 
monotonie decrease in Cu content as one gets farther away from the surface. 
Since the Cu-Ni alloy exhibits an asymmetric free energy of mixing 
curve, it is instructive to compare the results of surface segregation 
predictions using the regular solution activity model (which assumes the 
free energy of mixing curve to be symmetric) to predictions using a three-
suffix Margules model. The degree to which these two models differ is 
illustrated in Figure 6 which shows a plot of activity vs. composition 
for both Cu and Ni. The results of the surface segregation computations 
using the two different activity models are shown in Table 4 where they 
are compared with LEIS results of Brongersma et al. [33] and FIM data from 
Ng and McLane [34] and Sakurai et al. [35]. Both the regular solution and 
Margules activity models agree well with the LEIS data; however, the 
Margules model shows better agreement with the FIM data than does the 
regular solution model. 
Au-Ni System 
The Au-Ni alloy was studied in order to gain insight into the effect 
of constituent size differences on surface segregation, since these 
elements have significantly different lattice constants (3.52 X for Ni 
and 4.08 & for Au at 298 K). Surface segregation calculations were 
performed on a nickel-rich Au-Ni system by first assuming that the elements 
had equal lattice constants (equal to that of nickel) and then by allowing 
the lattice constants to differ. A regular solution model was assumed and 
no energetic variation in the mixing parameter was used; one could argue 
Figure 5. Surface region composition depth profile for the Cu-Ni system 
Bulk Mole Fraction Cu = 0.1 
T = 773 K. (Ill) Surface 
1 
.9 • 
.8 -
Atomic Layer 
Figure 6. Comparison of Margules and regular solution activity models to experimental data for 
the Cu-Ni system 
R#al Dota for Cu 
Real Data for M 
UorgulM 
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Table 4. Comparison of regular solution and Margules activity models 
with LETS and FIM data 
Mole fraction N1 
Layer Regular solution Margules LEIS [33]^  
Cu-Nl (111), T = 773 K 
1 0.07 0.10 0.04 
2 0.30 0.38 
3 0.39 0.44 
4 0.44 0.47 
5 0.46 0.47 
6 0.47 0.48 
Bulk 0.48 0.48 0.48 
Cu-Nl (111), T = 773 K 
1 0.12 0.13 0.12 
2 0.58 0.53 
3 0.75 0.68 
4 0.79 0.75 
5 0.80 0.78 
6 0.80 0.79 
Bulk 0.80 0.80 0.80 
Cu-Nl (111), T = 773 K 
1 0.22 0.19 0.21 
2 0.78 0.73 
3 0.88 0.86 
4 0.89 0.88 
5 0.89 0.89 
6 0.89 0.89 
Bulk 0.89 0.89 0.89 
P^olycrystalllne sample. 
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Table 4. Continued 
Mole fraction NI 
Layer Regular solution Margules FIM [34] 
Cu-Nl (111), T - 823 K 
1 0.58 0.45 
2 0.93 0.91 
3 0.95 0.95 
•4 0.95 0.95 
Bulk 0.95 0.95 
Mole fraction Ni 
Layer Regular solution Margules FIM [35] 
Cu-Ni (111), T = 870 K 
1 
2 
3 
4 
Bulk 
0.935 
0.990 
0.990 
0.990 
0.990 
Cu-Ni (111), T = 870 K 
1 0.585 
2 0.917 
3 0.937 
4 0.938 
5 0.938 
6 0.938 
Bulk 0.938 
0.924 
0.989 
0.990 
0.990 
0.990 
0.463 
0.892 
0.934 
0.938 
0.938 
0.938 
0.938 
0.511 ± .075 
0.990 
0.236 ± .05 
0.938 
Cu-Ni (111), T = 870 K 
1 0.21 
2 0.66 
3 0.77 
4 0.80 
5 0.80 
6 0.80 
Bulk 0.80 
0.19 
0.61 
0.74 
0.78 
0.79 
0.80 
0.80 
0.15 ± .05 
0.80 
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that this is a larger effect. The results of these calculations are given 
in Table 5 and Figure 7 where comparison is made with Auger results from 
ref. [36] and ISS results from ref. [37]. One cart see that the predicted 
surface segregation for Au is significantly higher (and agrees better with 
the experimental data) at very dilute concentration when the size 
difference between the two elements is accounted for. Although there is 
significant disagreement between experiment and theory at a bulk gold mole 
fraction of 0.004, the experimental value of a first layer gold concentra­
tion of 50% (at 1300 K) seems excessively high given such a low bulk 
content. The effect of size observed in this study is qualitatively what 
one would expect from strain energy considerations [38] since, all else 
being equal, the strain energy will be lowered slightly if the larger 
solute atoms predominate at the surface. 
Cu-Ni-Pt System 
An example of predicted surface segregation behavior in a ternary 
alloy system may be seen in Figures 8 and 9. In Figure 8 the surface 
composition of Ni is plotted vs. bulk Ni composition. Note that with no 
Cu present. Ni segregates to the surface in the Ni-Pt alloy. However, as 
soon as Cu is added to the alloy, the surface becomes relatively depleted 
in Ni (due mainly to the comparatively low surface free energy of Cu). As 
more Cu is added, the relative surface depletion of Ni becomes greater. 
An example of a composition depth profile for the Cu-Ni-Pt system is given 
in Figure 9. The fact that Cu-Pt and Ni-Pt interactions are exothermic 
in nature while Cu-Ni interactions are endothermic accounts for the rather 
complex behavior shown in this profile. 
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Table 5. Comparison of predicted first layer compositions for the Au-Nl 
system assuming equal and unequal molar areas 
Mole fraction Au 
Layer Equal areas* Unequal areas Auger [36]^  
Au-Nl (111), T = 1300 K 
1 0.052 0.093 0.50 
. 2 0.004 0.004 
3 0.004 0.004 
4 0.004 0.004 
Bulk 0.004 • 0.004 0.004 
Au-Nl (111), T = 1300 K 
1 0.49 0.70 0.70 
2 0.052 0.066 
3 0.035 0.036 
4 0.035 0.035 
5 0.035 0.035 
Bulk 0.035 0.035 0.035 
Au-Nl (111), T = 1300 K 
1 0.92 0.94 0.86 
2 0.44 0.47 
3 0.28 0.29 
4 0.24 0.24 
5 0.23 0.23 
Bulk 0.23 0.23 0.23 
Mole fraction Au 
Layer Equal areas* Unequal areas ISS [37]b 
Au-Nl (111), T = 923 K 
1 0.61 0.87 0.88 
2 0.02 0.03 
3 0.02 0.01 
4 0.01 0.01 
Bulk 0.01 0.01 0.01 
*Both molar areas taken to be equal to that of Nl. 
S^urface orientation not specified. 
Figure 7. Comparison of first layer predictions of gold co,^ .ositlon In the to-Nl system to AES data 
Au—Ni System 
T = 1300 K 
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Figure 8. First layer surface segregation of nickel in the Cu-Ni-Pt system, T = 1100 K (100) 
surface 
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Figure 9. Surface region composition depth profile for the Cu-Ni-Pt system. T = 1100 K, (100) 
Cu—Ni—Pt System 
Bulk Mole Fractions: Cu = 0.2, Ni = 0.2, Pt = 0.6 
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SUMMARY AND CONCLUSIONS 
A model and computer algorithm for the prediction of surface 
segregation behavior in alloy systems has been developed in this work. 
The axioms of classical thermodynamics were used in the development of 
this model; indeed, the basis equation (equation (13)) of this model is 
thermodynamically rigorous. All major simplifying assumptions are based 
on nearest-neighbor-only interactions which are quite reasonable for the 
systems studied. The chief advantages of this model and computer 
algorithm in comparison to previous models and methods are as follows: 
1. By incorporating surface free energy data into the model, the 
variation of bond strength with coordination is "automatically" 
accounted for. 
2. The computer program (code available on request) allows for the 
incorporation of virtually any activity model. 
3. Size differences between elements are intrinsically accounted 
for. 
4. Systems with more than two components may be modelled. 
5. No adjustable parameters are needed. 
If properly used, the multilayer, multicomponent surface segregation . 
model described in this paper can provide useful insights, not only into 
the field of catalysis, but also into other areas where the knowledge of 
surface composition and behavior is important. 
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APPENDIX 
Derivation of Equation (15) in Text 
Consider three atomic layers in the surface region as shown in 
Figure A-1. 
The expression for the surface activity may be derived using the 
following three-step procedure which parallels that given in ref. [39, 
pp. 173-175 and 182-183]: 
1. Using simple bond counting formulas, the conflgurational 
energy of layers I, A-1, and A+1 is determined. 
2. Using the results from step 1, an expression for the free 
energy of layer 2 is obtained. 
3. The free energy from step 2 is differentiated with respect to 
component mole numbers to generate the expression for the 
surface chemical potential. 
Step 1 
The conflgurational energy due to interactions between layer 1 and 
2-1 is given by: 
where n is the number of gram atoms present in a monolayer. Similarly, 
the conflgurational energy arising from Interlayer interactions between 
layer & and £+1 is given by: 
62 
A 
A+1 
Figure A-1. Three atomic layers in a surface region 
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The conflgurational energy due to Intralayer interactions is: 
Conflgurational energy attributable to layer £-1 and arising from 
Interactions between this layer and layer i-2 (if present) is given by: 
However, if one makes the assumption that x* ^  the above 
expression reduces to 
The above assumption introduces very little error in determining the 
total conflgurational energy due to layers Z, Z-1, and &+1. For example, 
in typical binary alloy systems such as Ag-Au and Cu-Ni, this error is 
less than one percent. Using a similar such argument, the analogous term 
for layer £+1 is: 
(^£+l-<->£+2) - ^  ^o'^ v^'-^ *A ) ^AA *^B  ^ B^B  ^*A *B A^B^  
The lateral contributions from layers £-1 and £+1 to the total conflgura­
tional energy are, respectively: 
(^£-l-^ £-l) ' ^  ^®AA *^B ) ^B  ^*A *B A^B^  (A-6) 
Adding expressions (A-1) through (A-7) and rearranging gives the total 
conflgurational energy of the three layers: 
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"(total) - »» V^ <v'''aA-^ =4''\b> 
+ + % N^ nZCx^ H^  + x%,) + npox^ Xj (A-8) 
+"-(<4"'+44"'+44"'+44^ ' - -r-r' - -r-r' 
where a = NQZ[H  ^- + Hgg)], p = Z^ /Z, and v = Z^ /Z. 
Step 2 
Since the conflguratlonal energy for a bulk system with n total moles 
of components À and B Is given by: 
""(bulk) • "o-^ 'VaA + "B&B' * "«A*B-
one can see that the first two terms on the right hand side of equation 
(A-8) represent the conflguratlonal energy of layer H-l assuming It to 
be in a bulk state. Similarly, the next two terms represent the bulk 
conflguratlonal energy of layer A+1. Thus, the contribution of layer I to 
the conflguratlonal energy Is: 
"(%) = ^  + nP«VB (^ -9) 
+ nva(K^ xJ-^  + xX"' + 
The terms In equation (A-9) which originate from mixing effects are 
those teirms containing a. Knowing this, one can immediately write the 
mixing energy component, E^ : 
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- «Pnx% + nv*(x*x;-l + xjxf ^ 
The above expression can be rearranged to yield: 
E" - n^ a(Xg)^  + ngOt(x^ )^  + npo[(Xg - + (x^  - Xg^ )^^ ] (A-10) 
% % 
where n^  and n^  represent the number of moles of components A and B in 
layer %, 
Writing the Helmholz free energy of layer 2 as the sum of ideal and 
mixing parts (and neglecting PV terms) gives: 
- = + RTlnx^ ) + ng(Wg'^  + RTlnXg) + E" (A-11) 
Substituting for E^  using equation (A-10) and rearranging leads to the 
expression 
° "a'-^ A*^  RTlnx^  + a(Xg)2] + ng[Wg'* + RTlnXg + a(x^ )^ ] 
+ nvat(xj - x*-l)2 + (Xg - x^ "^ )^^ ] (A-12) 
Step 3 
£ Differentiating equation (A-12) with respect to n and rearranging 
gives : 
Wa'* = ap(Xg)2 + av[(Xg-l)2 + (x^ +^ )^ ] (A-13) 
-A T.V.ng^  
But since 
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'3F*\ 0 a  Z  
A T.V.ng 
6) 
one can substitute (A-14) into (A-13) to get: 
RTlna^  - op(x^ )^  + o(v[(x^ "^ )2 + (x*+l)2] 
Substituting N^ io^ Z back in for a yields the desired expression 
RTlna[- + (x|+^ )^ ]} 
67 
SECTION II. MONTE CARLO SIMULATIONS OF SUPPORTED BIMETALLIC CATALYSTS 
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ABSTRACT 
Supported bimetallic catalysts are modelled with the Monte Carlo 
simulation technique using the "Surface Modified Pair Potential" model 
(SMPP). Cubo-octahedral particles with dispersions ranging from 30% to 
60% are studied as well as particles which have irregular shapes. 
Systems modelled include the Pt-Ib (lb • Cu, Ag, Au), Ag-Ru, and Pt-Rh 
bimetallics. In the Pt-Ib system, the lb element segregates to the 
surface of the catalyst and tends to occupy the lowest coordinated sites 
first. Differences in the degree of surface segregation among the lb 
elements are easily seen at higher lb concentrations where Au is shown 
to segregate to the surface more strongly than Ag or Cu. The degree of 
clustering of Pt atoms on the surface of the catalyst particles is seen 
to be dependent upon which lb element is present. For a given amount of 
lb atoms present on the surface the Au-Pt system is observed to produce 
larger ensembles of surface Pt atoms than the Ag-Pt or Cu-Pt systems. 
Predicted relative platinum dispersions for the Ag-Pt system were compared 
to hydrogen chemisorption measurements and found to be in good agreement 
except for one sample (30 wt% Ag) in which the measured value was found 
to be higher than the predicted value. This difference could be explained 
by a non-uniform distribution of silver in the catalyst sample. In the 
Ag-Ru system, silver atoms are found to segregate to the surface and 
cluster together. Predicted relative ruthenium dispersion is compared to 
hydrogen chemisorption measurements and found to be in agreement. The 
Pt-Rh system showed platinum atoms to undergo net surface segregation. 
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although rhodium atoms tended to dominate the corner and edge sites of 
the crystallites. 
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INTRODUCTION 
Bimetallic catalysts have become the subject of Increasingly 
Intensive research efforts In both Industrial and academic settings [1-8]. 
Because of the myriad of combinations possible, bimetallic catalysts 
have great potential for being tailored with respect to activity, 
selectivity, and stability. In the petroleum Industry, for example, 
supported Pt reforming catalysts have been mostly replaced with supported 
Pt/Re or Pt/Ir or other platinum blmetalllcs which have superior activity 
and selectivity [4]. On a more fundamental level, supported bimetallic 
catalysts are of interest from several points of view. Knowledge of 
surface composition and structure of bimetallic catalyst particles is 
certainly of primary Importance not only in the characterization of the 
catalyst itself, but also in gaining insight into adsorption and catalytic 
reaction phenomena. 
The small size of bimetallic catalyst particles (usually <100 &) 
allows a relatively large fraction of metal atoms to be exposed on a 
surface and sometimes causes unexpected metal-metal interactions to occur. 
For example, the Cu-Ru binary system exhibits Imlscibillty in bulk samples 
but yet experimental evidence suggests [3] that as a supported bimetallic 
particle there are surprisingly strong interactions occurring between 
the two species on the particle surface. However, the small size of 
these bimetallic clusters coupled with the fact that they are usually 
produced in a highly dispersed state on a support material such as alumina 
or silica in quantities less than 5 wt% makes it difficult to experimen­
tally determine the surface characteristics of the metallic particles. 
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Several theoretical approaches have been used to determine surface 
compositions of small bimetallic particles. Burton et al. [9] did not 
actually model small catalyst particles as such, but rather modified 
multi-atomic layered thin films using regular solution theory and 
extrapolated the results to make qualitative predictions regarding surface 
compositions of small spherical particles. The authors looked at Ideal 
(Cu-Nl) and clustering (Au-Nl) systems and found that In the Cu-Nl 
system the copper segregated to the surface layer only while In the 
clustering Au-Nl system the segregating component (Au) was also found In 
excess In several layers below the "particle" surface. Tsal and Abraham 
[10] assumed nearest-neighbor-only Interactions and used Lennard-Jones 
potentials to model the metal-metal Interactions In a Monte Carlo 
simulation which was applied to unsupported 55-atom clusters.^  Systems 
studied In this work Included Cu-Nl, Cu-Ru, and Cu-Os. The researchers 
found surface enrichment of Cu In all cases although the enrichment was 
greatest in the Cu-Ru and Cu-Os systems. A rigid lattice Monte Carlo 
procedure was used by Sundram and Wynblatt [11] on hypothetical unsupported 
alloy particles in order to study segregation effects at low coordination 
sites. Fixed-morphology cubo-octahedral particles containing 38 and 201 
atoms were simulated with both ordering and clustering alloys. The 
authors found that the degree of surface segregation to the lowest 
coordinated sites on the particle surface was lower than that calculated 
for a thin film of equal overall composition due to competition by other 
surface sites for the segregating material. 
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In this paper we present results of Monte Carlo simulations of Pt-Ib 
(lb " Cu, Ag, Au), Ag-Ru, and Ft-Rh bimetallic catalyst particles. The 
Monte Carlo method used In this research differs from those used previously 
In that a seml-emplrlcal pair potential Is used which allows for metal-
metal bond strengths to vary with coordination. Estimates of metal-
support Interactions are also taken Into account In the simulations and 
some simulations were performed without an Initial assumption regarding 
particle shape. Overall surface compositions predicted for the Ag-Ru 
and Ag-Pt systems are compared to values obtained from hydrogen chemi-
sorption experiments. 
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THEORY 
The Monte Carlo method Is a statistical sampling technique which, 
when applied to canonical systems, allows one to estimate certain 
macroscopic thermodynamic quantities (such as internal energy) by simple 
arithmetic averaging of a series of specially generated configurations 
of the system of Interest. The first application of the Monte Carlo 
method to the solution of a physical problem was by Metropolis et al. In 
1953 [12]. Since that time the Monte Carlo method has been applied to an 
Increasingly wide variety of problems In physics, chemistry, and 
engineering due In large part to dramatic Improvements In computer 
technology. Researchers In the areas of surface science and catalysis 
have made use of the Monte Carlo technique In describing surface segrega­
tion and composition of seml-lnflnlte alloys [11, 13-15]. 
In this work bimetallic catalyst particles were modelled using the 
Monte Carlo method by Initializing the atoms In an FCC lattice and 
Implementing the following algorithm: 
1. An atom Is selected and allowed to change positions In the 
lattice with either another atom or a vacancy location. 
2. The change In conflguratlonal energy, AE, resulting from the 
switch described In step 1 Is calculated. 
3. If AE Is negative, the new configuration Is accepted. If AE 
Is positive, a random number Is selected from a uniform 
distribution. If the quantity exp(-AE/kT) Is greater than this 
random number, the new configuration is accepted, otherwise 
the old configuration is retained. 
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4. Steps 1-3 are repeated until "equilibrium" (no significant 
changes in total configurational energy occur with time) is 
reached. Dispersion averages and atomic coordination statistics 
are gathered during the equilibrium period. 
An important feature of the above algorithm is that atoms are given 
the opportunity to move to unoccupied lattice sites. The likelihood of 
such a move occurring is dependent mainly upon the temperature and the 
change in coordination (if any) a selected atom would undergo if it were 
switched to a vacancy location. For example, if an atom sitting alone 
atop a (100) basal plane with only four nearest neighbors were being 
considered for a move to a vacant kink site on the edge of the same facet 
where it would.have six nearest neighbors, the resulting energy change 
(assuming negligible mixing effects) would be negative and the atom 
would be moved to fill the kink site. On the other hand, the reverse 
process would in general be unfavorable except at higher temperatures 
where kT would become large enough to greatly Increase the probability of 
the atom existing at the less coordinated, higher energy state. Because 
this atom-vacancy switching is allowed, the potential exists for particle 
morphologies to be computed as well as surface segregation effects. 
An empirical potential model was used in these simulations which 
allowed for the atom-atom bond energies to vary with coordination to 
better reflect actual behavior. This model, called the surface modified 
pair potential model (SMPP), has been described elsewhere [13, 14] and 
hence only a brief explanation of the main features will be presented 
here. 
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An assumption made In the SMPP model Is that the conflguratlonal 
energy of an atom can be accounted for by considering only nearest 
neighbor interactions. This assumption Is reasonable since other 
potential models show about 90% of the conflguratlonal energy In an FCC 
lattice to be accounted for by nearest neighbor Interactions [10, 16], 
Using values of the heat of sublimation, surface energy and energy of 
bulk vacancy formation one can construct [14] the following empirical 
equation relating the coordination, n, of metal atom A with Its energetic 
contribution to one nearest nelghbqr bond, e\ 
= a^  = b^ n + c^ n^  (1) 
n 
The term Is called the partial bond energy of atom A with coordination 
A A A 
n. The terms a , b , and c are empirical const&ira determined from the 
aforementioned energy data. Values of these constants for Pt and the lb 
metals are given in Table 1. Note that the form of equation (1) holds 
no physical significance. It is flexible enough, however, to adequately 
fit the data. 
In order to account for the fact that in general one cannot simply 
add partial bond energies between unlike species to obtain the total 
energy of the bond, a non-random quaslchemical approach was used to 
describe mixing effects [17]. Using this technique, one calculates an 
Interchange energy term, w, from either the heat or the free energy of 
mixing data. The bond energy between an n-coordlnated A atom and an 
m-coordinated B atom, E^ , can then be written as 
nm 
- <2: + + "/z (2) 
Table 1. Surface modified pair potential model constants for the Pt-Ib system 
A a^  (eV) b^  (eV) c^  (eV) 
Cu -0.3925 -0.001112 0.0008078 
Ag -0.2397 -0.01601 0.001301 
Au -0.3049 -0.02587 0.002070 
Pt -0.4015 -0.05232 0.003759 
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A B 
where and are the partial bond energies of the A and B atoms, 
respectively, and Z Is the number of nearest neighbors possible In the 
lattice structure. For close-packed lattices such as FCC the value of 
Z Is 12. 
As stated above, the algorithm used in this work allows for the 
exchange of atoms with vacancies. To compute the conflguratlonal energy 
change that would occur for such an exchange, one must not only be 
concerned with the conflguratlonal energy of the atom undergoing the 
change in the lattice position but also with that of the nearest neighbor 
atoms to both the atom and vacancy sites. These nearest neighbor atoms 
must be taken into consideration since they also experience a change in 
bond numbers and strengths. For example, consider the case in which an 
n-coordinated atom of species A with p nearest neighbors of type B atoms 
in an A-B binary particle is being considered for a switch with a vacancy 
site with a coordination of m and q nearest neighbor atoms of type B. 
Assuming the A atom and the vacancy site are not nearest neighbors, the 
resulting energy change if the switch took place would be 
A A m'l 11 • , 
(me^  - ne^ ) + (q-p)w/Z + 2 (eJ - Eh (3) 
® " 1=1 F I 
1 1 
where E^  and E^  represent the conflguratlonal energy of nearest neighbor 
atom 1 in the final and initial states, respectively. 
Metal-support interactions were modelled by adding an additional 
energy term to atoms located adjacent to the support. The magnitude of 
this energy term was estimated from data obtained by Pllllar and Nutting 
for the lb metals on a-Al^ Og [18]. The value for Ft was taken to be the 
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arithmetic average of the lb values. The metal-support energetic values 
obtained from [18] are roughly 5 to 10 times less than typical configura-
tional energy differences resulting from changes in metal-metal bonding 
as atoms are switched around. Thus the metal-support energy terms tend 
to have negligible influence on surface composition and ensemble sizes. 
Procedure Used for the Pt-Ib Simulations 
The crystallites modelled in this study were, for the most part, 
assumed to have a perfect cubo-octahedral structure with both (100) and 
(111) facets being present on the surface. This structure is reasonable 
to assume as being representative since variations of octahedral 
structures are commonly observed experimentally for supported catalysts 
whose metals exhibit an FCC structure in the bulk [19, 20]. It should 
be noted, however, that other shapes have been observed experimentally 
for pure Ft and Pt-contalnlng bimetallic catalysts [21, 22]. The paper 
by Harris [22] provides an excellent discussion of the effect of catalyst 
preparation on particle morphology. However, regardless of the exact 
particle shape, there is general agreement that the low-index planes 
such as the (111) and (100) planes predominantly form the surfaces of 
reduced FCC metallic catalysts. Therefore, the trends observed on the 
cubo-octahedral particles regarding segregation to low-coordinated sites 
and ensèmbllng effects should be generally applicable to other morphologies 
as well. The use of the cubo-octahedral crystal structure allowed for the 
straightforward examination of size effects as well as the effect of the 
different lb metals on the occupation of surface locations by Ft atoms. 
Four sizes of cubo-octahedral crystallites with a (100) plane adjacent 
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to the support were used In the simulations, the smallest structure 
containing 201 atoms and the largest containing 2,406 atoms. The size 
range of these particles was approximately 20-45 & and the corresponding 
dispersions varied from 60 to 30%. The simulations of the perfect cubo-
octahedral crystallites were conducted at a temperature of 550 K which 
is representative of the temperature at which these catalysts are used. 
An atom occupying a given lattice position was selected for a possible 
switch 50 times. Generally, after 35 selections "equilibrium" was 
reached and averaging was begun. 
Some simulations were conducted in which the atoms were initialized 
in a rectangular block formation and "heated" to a high temperature to 
increase the mobility of the atoms and allow them to seek an equilibrium 
structure. Subsequent cooling to the desired temperature resulted in 
some additional morphological changes and allowed the surface composition 
and ensemble sizes to reach an equilibrium state. The purpose of these 
studies was to determine whether or not such a technique could produce 
crystallite shapes consistent with experimentally observed shapes and to 
compare dispersions and nearest neighbor data of these computer-generated 
shapes with those of the perfect structures. It should be emphasized 
that during the simulation of the cubo-octahedral particles no special 
means were used to force this structure to remain fixed; due to the 
stability of this morphology, however, no change in shape was ever 
observed. In all simulations, regardless of the initial morphology of the 
particle, atoms were placed randomly in the lattice before the Monte Carlo 
procedure was started. 
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Procedure Used for Ag-Ru Simulations 
Monte Carlo simulations were performed on supported 2,406-atom 
(31% dispersion) cubb-octahedral Ag-Ru particles in order to compare the 
relative ruthenium dispersions with those measured by hydrogen cheml-
sorptlon. A rigid-lattice simulation for this system may not be strictly 
valid due to the fact that silver exhibits an FCC structure and ruthenium 
is HCF. However, since ensuing simulation results showed clearly that 
the silver atoms strongly segregated to the surface and became highly 
clustered, it was felt that approximating the entire particle as one 
crystal structure (FCC) would not significantly affect a quantity such 
as relative dispersion. 
Procedure Used for Pt-Rh Simulations 
Since some alloy catalysts of commercial importance contain platinum 
and rhodium atoms, several simulations were run of unsupported crystallites 
comprised of these elements. A cubo-octahedral shape was again used 
and the particles modelled contained 1,289 atoms (37% total dispersion). 
Because surface free energy data for solid rhodium were unavailable, an 
estimate was made from the surface tension of rhodium at the melting 
point using the empirical relation given in [23]: 
= 1.2cj^  ^+ 0.45(T^  - T) (4) 
In the above expression, is the surface free energy of the solid at 
temperature T and is the surface tension of the liquid element at 
the melting temperature, T^ . The heat of mixing for the Pt-Rh system. 
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which was used for the determination of the interchange energy, was 
obtained from the estimate provided in ref. [24]. 
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EXPERIMENTAL 
In order to see If the Monte Carlo simulations could accurately 
predict the relative dispersions of group VIII metals on bimetallic 
catalysts, hydrogen chemlsorptlon experiments were performed on supported 
Ag-Pt and Ag-Ru catalysts. 
All catalysts were prepared by Incipient wetness Impregnation with 
a silica support (Cab-o-Sll HS5, 300 m^ /g surface area). Precursors 
used for the group VIII metals were Ru(NO)(NOg)g [AESAR] and 
Pt(NHg)^ (N02)2 [Alfa] while AgNO^  [AESAR] provided the source of silver. 
Approximately 2.3 ml of Impregnating solution per gram of dried support 
was sufficient to bring about Incipient wetness. The amount of ruthenium 
or platinum was maintained constant at 4 wt.% on a basis of metals 
plus dry support while the amount of silver was varied. After impregna­
tion, the catalysts were oven-dried for 4 h at 383 K. The reduction of 
Ru and Ag-Ru catalysts was carried out under flowing hydrogen (about 
100 cc/min) at 723 K for 2 h. The Pt and Ag-Pt catalysts were calcined 
at 723 K in flowing air for 1 h before being reduced in flowing hydrogen 
at 723 K for 2 h. 
Chemlsorptlon was carried out on a standard BET/chemlsorptlon 
apparatus. A catalyst sample was held in a spherical pyrex cell connected 
to the sample port of the apparatus. The cell was heated to 573 K and 
the sample was reduced under static hydrogen at about 760 torr and 
subsequently outgassed overnight. Hydrogen chemlsorptlon was carried 
out at room temperature at a pressure range of about 20-50 torr. An 
equilibration time of 4 h was sufficient for the first dose and 1 h for 
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subsequent doses. A 15 minute evacuation of the sample cell was performed 
between total and reversible (weak) chemlsorptlon measurements. The 
Irreversible (strong) uptake was obtained by taking the difference between 
the extrapolated values of the total and reversible Isotherms at zero 
pressure. Dispersions were obtained by assuming a 1:1 stolchlometry 
between hydrogen and Ru/Ft atoms and no spillover of hydrogen to silver. 
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RESULTS AND DISCUSSION 
Pt-Ib System 
The data obtained from the cubo-octahedral particle simulations 
for the Pt-Ib system have been complied and summarized to Illustrate the 
overall surface composition of the particles, the surface location 
preferences of the different species, and the effect of the lb metals 
on surface ensemble sizes of Ft atoms. Particle size effects will also 
be briefly discussed. 
Figure 1 shows how the type and amount of lb species present affects 
the surface composition (expressed as the fraction of surface atoms 
which are platinum) of the catalyst particle. Notice in Figure la the 
overall surface composition for a particle with 10% lb content is 
insensitive to which lb species is present. However, when the lb content 
is increased to 50% as shown in Figure lb, the surface composition is 
dramatically affected by which particular lb metal is present. The 
reason this behavior occurs may be understood by studying Tables 2 and 3. 
Table 2 shows the change in configurational energy that would occur if 
a bulk (fully coordinated) lb atom were to exchange places with a Pt 
atom on the surface of the particle. In each case, the configurational 
energy change is negative which (neglecting other energy changes for the 
moment) implies that the lb atoms prefer to be at the surface of the 
particle. Notice also in Table 2 that the configurational energy driving 
force decreases within each Pt-Ib system as the coordination for the 
surface site increases. For example, the configurational energy change 
resulting from a bulk lb atom switching with a 9-coordinated surface Ft 
Figure 1. Effect of ïb species on the fraction of platinum atoms on the surface of a bimetallic 
particle; 
a. 10% lb content, T = 550 K 
b. 50% lb content, T = 550 K 
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Table 2. Conflguratlonal energy changes for bulk lb atoms switching 
with surface Pt atoms 
Coordination of Configurational energy change (kJ/mole) 
surface Pt atom Bulk lb atom being switched 
Au Cu Ag 
6 -80.4 -108.4 -113.5 
7 -63.4 -79.4 -82.4 
8 -43.3 -52.6 -54.3 
9 -26.1 -29.5 -30.7 
Table 3. Mixing energies for Pt-Ib atom pairs 
Bond Pair Mixing energy 
eV/bond kj/mole 
Au-Pt 0.0226* 26.2 
Cu-Pt -0.0336* -38.9 
Ag-Pt 0.0000^  0.0 
D^etermined from free energy of mixing data in reference 25. 
O^btained from estimate in reference 24. 
atom is only one-third to one-fourth the configurational energy change 
observed when the switch occurs between a bulk lb atom and a 6-coordinated 
Pt atom. Thus there is a strong tendency for the lb atoms, regardless of 
type, to first occupy the low-coordinated corner and edge atoms on the 
crystal surface. Once these low 6- and 7-coordlnated sites have become 
populated with lb atoms, however, the contribution to the total energy 
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change by mixing energy becomes relatively greater. This Is due to the 
aforementioned decrease In conflguratlonal energy change as lb atoms go 
to the more highly coordinated surface sites and the fact that there are 
more nearest neighbors to Interact with at these sites. In Table 3, 
which lists the mixing energy for each of the binaries, one can see that 
the Au-Pt system shows an endothermlc heat of mixing, the Ag-Pt system 
shows a zero heat of mixing, and the Cu-Pt system shows an exothermic 
heat of mixing. These differences in heats of mixing in effect modulate 
the degree of surface segregation of the lb species on the (111) facets. 
In the case of the Au-Pt system, the endothermlc nature of the Au-Pt 
bonds tends to aid In repelling the Au atoms away from the core of 
fully coordinated Pt atoms and to the surface. On the other hand, Cu 
atoms, because of their exothermic bonding with Pt atoms, have less of 
an overall driving force for migrating to the surface of the particle. 
Another phenomenon illustrated by Figure 1 (and more so by 
Figure 2) Is the effect of particle size on overall Pt surface coverage. 
Each of these figures demonstrates that for a given overall lb content 
the smaller, more highly dispersed particles have a greater proportion 
of Pt atoms in the surface. The reason for this behavior is the 
fact that the larger particles have relatively fewer surface sites 
available for occupation by lb atoms. Table 4 Illustrates this surface/ 
volume effect by listing the ratio of lb atoms present in a 40% overall 
concentration to total surface atom sites for the four sizes of cubo-
octahedral particles studied. Notice that for the 201 and 586 atom 
particles the ratio of lb atoms to surface atom sites is less than one. 
Figure 2. Effect of particle size (dispersion) on overall platinum surface coverage in Pt—lb 
particles; 
a. Cu-Pt, T = 550 K 
b. Ag-Pt, T = 550 K 
c. Au-Pt, T = 550 K 
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Table 4. Ratio of lb atoms to number of surface sites available on 
perfect cubo-octahedral particles for 40% lb content 
Size of particle (no. of atoms) lb:Surface site ratio 
201 .664 
586 .875 
1,289 1.09 
2,406 1.31 
This means that even If all of the lb atoms were to segregate to the 
surface of these particles, there would still be some Pt atoms present 
at the surface. On the other hand, the ratio of lb atoms to the surface 
atom sites on the 1289 and 2406 atom particles Is greater than one. 
Indicating that the lb atoms have the potential of blanketing the entire 
surface of the crystallite. A comparison of predicted surface coverage 
of Ft in Ag-Pt bimetallic catalysts with chemlsorptlon measurements is 
shown in Table 5. The degree of Pt surface coverage Is given in terms 
of relative dispersion, that Is, the ratio of the number of surface 
platinum atoms to the total number of platinum atoms. Notice that 
agreement between measured and predicted relative platinum dispersion 
is excellent In the catalysts with the lower silver content (5.8-20%) 
however, there is a difference in the predicted and measured values in 
the catalyst that contains 30% silver. One possible explanation for this 
discrepancy is that the Ag-Pt system actually has a negative heat of 
mixing rather than a zero heat of mixing (as estimated from ref. [24]); 
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Table 5. Comparison of relative Ft dispersions between Monte Carlo 
predictions and chemlsorptlon measurements 
Atomic % Ag p S^urface /PtTotal 
Hg chemlsorptlon Monte Carlo* 
0.0 0.465 0.457 
5.8 0.410 0.424 
10.0 0.385 0.397 
20.0 0.381 0.327 
30.0 0.326 0.240 
5^86 atom cubo-octahedral particle. 
this could result in the experimentally observed greater abundance (as 
compared to the simulation results) of Pt atoms at the surface. Another 
possibility is that there is an uneven distribution of silver atoms 
between particles at this high silver concentration, even to the point 
of having nearly pure silver particles present. This latter explanation 
seems the most likely, since the heat of mixing values required in the 
simulation to generate relative Pt dispersions close to that observed in 
the 30% silver particle are excessive (~ -90 kJ/mole). 
The preferential filling of the lower coordinated surface sites by 
the lb atoms can be seen in Figure 3 for the 201 atom particle. Notice 
that in each case the surface Ft atoms become rapidly depleted from the 
6-coordinated corner sites and 7-coordlnated edge sites as Increasing 
amounts of lb atoms are added. In contrast, the 8-coordinated sites on 
the (100) planes and the 9-coordinated sites on the (111) planes show 
much less relative depletion of Pt as the lb content is Increased. The 
Figure 3. Fraction of platinum atoms occupying sites on a cubo-octahedral particle surface: 
a. Cu-Pt t 
b. Ag-Pt, 
c. Au-Pt, 
T = 550 K 
T = 550 K 
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9-coordlnated sites are especially resistant to Ft depletion and continue 
to retain Ft atoms when the other surface sites have become completely 
occupied by lb atoms. This trend is what one would expect in looking at 
the configuratlonal energy changes listed in Table 2. The lb atoms have 
a relatively large conflgurational energy driving force segregating them 
in the 6- and 7-coordinated sites and a correspondingly smaller driving 
force "pushing" them towards the low-index planar sites. 
The effect which the different lb atoms have on the surface ensemble 
sizes can be readily seen by examining Figure 4. This figure shows the 
predicted configurations of a series of 2,406-atom (30% dispersion) 
particles with equal numbers of lb atoms present at the surface. Notice 
the dramatic difference between ensemble sizes of platinum atoms between 
the Cu-Ft and Au-Ft crystallites. The copper atoms, because of their 
exothermic bonding nature with platinum atoms, tend to surround the 
platinum atoms leaving them isolated either singly or in small groups. 
Conversely, the endothermlc bonding nature of the Au-Ft pair results in 
the clustering of the platinum atoms into relatively large "Islands". 
The zero heat of mixing predicted for the Ag-Pt system results in the 
random type distribution of ensemble sizes observed for this crystallite. 
To further illustrate the variation in mixing behavior. Table 6 
presents a qualitative tabulation of the lb effects on Ft ensemble sizes 
for the particles shown in Figure 4. The average number of surface Ft 
atoms which are nearest neighbors to a surface Ft atom is used as an 
indication of ensemble size. The greater the clustering tendency of the 
Ft atoms, the larger this number will be. Thus by looking at Table 6, one 
Figure 4. Illustration of platinum ensemble sizes in Pt-Ib cubo-octahedral particles. Light 
atoms represent platinum and dark atoms represent the lb element 
a. Cu-Pt, T = 550 K 
b. Ag-Pt, T = 550 K 
c. Au-Pt, T = 550 K 
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Table 6. Clustering tendency of surface platinum atoms for 2,406 atom 
C 
particles with 25% surface platinum, " number of nearest 
neighbor surface platinum atoms per surface platinum atom) 
S 
Bimetallic system P^t-Pt 
Cu-Pt 1.21 
Ag-Pt 1.99 
Au-Pt 3.75 
can see that there is a much greater inclination for the platinum to 
cluster when it is combined with gold than when combined with copper. In 
this instance, even though both crystallites contain the same overall 
surface concentration of platinum (25%), a platinum atom on the Au-Pt 
particle surface has on the average over three times as many surface 
platinum atoms for nearest neighbors than does a platinum atom on the 
surface of a Cu-Pt particle. Such differences in the surface aggregation 
of Pt would, of course, result in dissimilar activities being observed 
for ensemble-sensitive reactions. For example, it is generally believed 
that hydrogenolysis reactions require at least two adjacent catalytlcally 
active metal atoms (e.g., Pt) to occur; therefore, after corner and edge 
sites of the particle became filled with the lb metal, one would expect 
the hydrogenolysis activity of a Au-Pt catalyst to remain fairly constant 
as the Au content was increased up to the point of almost total coverage 
while the hydrogenolysis activity of a Cu-Pt catalyst would decrease 
rapidly as the relative amount of Cu was increased. 
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Monte Carlo simulations were also performed on particles which had 
other than perfect cubo-octahedral structure initially. Specifically, 
201 and 586 atom particles with 25% lb content were modelled and the 
resulting data compared to that of the cubo-octahedral catalyst particles. 
As discussed in the Methods section, these particles were simulated by 
assuming an initial configuration of atoms in the form of a rectangular 
block (the final outcome of the simulation was not significantly affected 
by assuming different initial shapes) and running the program at a high 
(typically 5000-8000K) simulated temperature followed by equilibration 
at 550 K. A typical initial and final configuration for a 201 atom 
particle are shown in Figure 5. It is interesting to note that atoms 
initialized in a cubo-octahedral structure remained in the same structure 
even when "heated" to the same high temperatures as the atoms initialized 
in the block structure. This indicates the high degree of stability of 
the cubo-octahedral crystallite structure for FCC metals. 
The results of these non-cubo-octahedral simulations are summarized 
in Table 7. Despite the presence of an increased amount of surface 
roughness (i.e., a higher number of surface atoms with a coordination of 
7 or less) on these particles, the overall surface compositions agree 
closely with those observed on the perfectly shaped cubo-octahedral 
particles. The degree of clustering of the platinum atoms on the surface 
of the imperfect particles as measured by the average number of surface 
platinum nearest neighbors per surface platinum atom also agrees closely 
with that observed on the perfectly shaped particles. 
Figure 5. Typical initial and final configurations for a 201 atom Ag-Pt particle. Dark atoms 
represent silver 
a. Initial configuration 
b. Final configuration, T = 550 K 
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Figure 5 (Continued) 
ATOM NUMBER DISPERSION 
Ag 50 0.9716 
Pt 151 0.5133 
TOTAL DISPERSION = 0.6273 
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Table 7. Comparison of non-cubo-octahedral surface coverages and surface 
G 
platinum nearest neighbors per surface platinum atom to 
perfectly shaped cubo-octahedral particles 
Bimetallic 
system 
Particle size 
(no. of atoms) 
and Initial 
configuration 
Fractional 
surface 
coverage 
by Pt atoms 
N 
Pt-Pt 
201 c—o* .587 3.72 
Au-Pt 201 bb .590 3.69 
(25% Au) 
586 c-o .466 3.79 
586 b .531 3.77 
201 c—0 .587 3.61 
Au-Pt 201 b • .614 3.95 
(25% Ag) 
586 c-o .470 3.51 
586 b .524 3.46 
201 c-o .595 3.42 
Cu-Pt 201 b .597 3.51 
(25% Cu) 
586 c-o .494 3.02 
586 b .521 3.09 
C^ubo-octahedral particle. 
I^nitialized In a block-type configuration. 
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Other simulations were performed from "block-type" initial configura­
tions in which the number of atoms present differed from that required 
to form a perfect cubo-octahedral structure. Particles with 300 and 
400 atoms and 25% lb content were simulated and the resulting data 
compared to that of the cubo-octahedral particles in Table 8. Note that 
the overall surface compositions fall within the range bracketed by the 
cubo-octahedral particles and the clustering of Ft atoms agrees closely 
with that observed on the perfectly shaped particles. 
Ag-Ru Results 
Table 9 illustrates several important features of the Ag-Ru system. 
The silver atoms segregate to the surface readily, as can be seen by 
comparing the overall silver content to the percentage of the surface 
covered by silver, and also tend to cluster. This clustering effect can 
be seen by noting the high fractions of silver nearest neighbor atoms 
per silver atom. Note that in contrast to Tables 6-8, both bulk and 
surface atoms are accounted for in these fractions. In a random crystal, 
these fractions should, of course, be equal to the overall bulk atom 
fractions of silver atoms. The correspondingly high fractions of ruthenium 
atom nearest neighbors per ruthenium atom can also be seen in this table. 
A comparison between the predicted and measured values of relative 
ruthenium dispersion is given In Table 10. Agreement between the Monte 
Carlo results and hydrogen chemlsorptlon measurements Is very good through­
out the range of silver content, even up to a silver:ruthenium ratio of 
one. This is in contrast to what was observed in the Ag-Ft system where 
the chemlsorptlon results showed a higher relative group VIII (Ft) 
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Table 8. Comparison of surface compositions and surface Ft nearest 
g 
neighbors per surface Ft atom (Np^ -pc) between 300 and 400 
atom particles and 201 and 586 cubo-octahedral particles 
C 
Bimetallic Farticle size Fractional surface **Ft-Pt 
system (no. of atoms) coverage by Ft 
201* .587 3.72 
Au-Ft 300 .575 3.69 
(25% Au) 
400 .564 3.59 
586* • .466 3.79 
201* .587 3.61 
Au-Ft 300 .570 3.61 
(25% Au) 
400 .549 3.61 
586* .470 3.51 
201* .595 3.42 
Cu-Pt 300 .585 3.62 
(25% Au) 
400 .559 3.47 
586* .494 3.02 
C^ubo-octahedral particle. 
Table 9. Surface segregation and degree of clustering in a 2,406 atom Ag-Ru cubo-octahedral particle 
Atomic 
fraction Ag 
Fraction of surface 
covered by Ag 
F  ^Ag-Ag 
final 
configuration 
F  ^
Ru-Ru 
final 
configuration 
0.13 0.39 0.51 0.95 
0.20 0.57 0.61 0.92 
0.30 0.72 0.72 0.91 
0.40 0.83 0.78 0.89 
0.50 0.89 0.83 0.86 
F^raction of nearest neighbor atoms to an Ag atom which are Ag atoms (average value), 
b 
Fraction of nearest neighbor atoms to a Ru atom which are Ru atoms (average value). 
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Table 10. Comparison of relative Ru dispersions between Monte Carlo 
predictions and chemlsorptlon measurements 
Atomic « Ag 
Hg chemlsorptlon Monte Carlo 
0.0 0.289 0.306 
0.134 0.232 0.215 
0.20 0.205 0.166 
0.30 0.172 0.121 
0.40 0.114 0.087 
0.50 0.060 0.067 
2^»406 atom cubo-octahedral particle. 
dispersion at high silver content than was predicted by the Monte Carlo 
technique, possibly signifying that separate silver particles were 
forming In the real catalyst. Thus It would appear that In the Ag-Ru 
catalyst studied, the silver atoms remained In contact with a core of 
ruthenium atoms and gradually covered almost the entire surface. 
Pt-Rh Results 
Simulations of the Pt-Rh system provided some very Interesting 
results which are summarized In Table 11. This system Is unique compared 
to those studied up to this point In that the element which undergoes 
net surface segregation does not tend to dominate the low-coordinated 
corner and edge sites of the crystallite. For example. In the case of a 
particle containing 35% platinum. It can be seen that 60% of the surface 
will be covered by platinum atoms, but yet the rhodium atoms dominate 
the 6- and 7-coordlnated sites with the platinum atoms preferring to 
Table 11. Fraction of lattice sites occupied by rhodium atoms in a Pt-Rh particle (1,289 total 
atoms, 0.37 dispersion) 
Overall atomic 
fraction Rh 
Fraction surface 
covered by Bh 
6 
Fraction of site occupied by Sh 
Site coordination 
7 8 9 12 
0.50 0.27 0.88 0.56 0.21 0.12 0.64 
0.65 0.40 0.95 0.78 0.41 0.22 0.80 
0.75 0.52 0.98 0.90 0.52 0.34 0.89 
0.90 0.79 0.98 0.97 0.80 0.70 0.97 
M <-n 
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occupy the planar surface sites. Such behavior is due primarily to the 
nature of the configurâtional energy differences arising in this system. 
Although the configurational energy change is negative for a situation 
in which a bulk platinum atom is exchanged with a surface rhodium atom 
having a coordination of 7, 8, or 9, the configurational energy change 
is actually positive for an exchange between a 6-coordinated rhodium with 
a fully coordinated platinum atom. Furthermore, even though an edge 
platinum atom is "preferred" over a bulk platinum atom, there is a very 
strong configurational energy driving force which tends to switch an 
edge platinum atom with a planar (8- or 9-coordinated) rhodium atom. 
Because the surface free energy and heat of mixing for the Pt-Rh 
system were estimated, the reader should be cautioned that the simulation 
results necessarily reflect that fact. Nevertheless, it is helpful to 
know that the behavior observed in this system is easily within the realm 
of possibility. 
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CONCLUSIONS 
The Monte Carlo simulation technique, when used with the surface 
modified pair potential model, can provide useful insights into the 
surface composition and geometry of bimetallic catalysts. As with any 
modelling technique, one must constantly be aware of its assumptions and 
limitations. The data presented in this work were obtained from single 
particle simulations, assuming perfectly shaped cubo-octahedral initial 
structures for the majority of cases. In an actual bimetallic catalyst, 
however, one is dealing with particles which have a wide range of sizes, 
shapes, and compositions. The manner in which these bimetallic particles 
are distributed among these characteristics directly effects the observed 
properties of the catalyst. One must, therefore, take these facts into 
consideration before trying to correlate simulation results with real 
experimental data. Taken in the proper context, however, the general 
simulation results regarding particle sizes, surface segregation, and 
ensembling behavior can provide useful guidelines in designing bimetallic 
catalysts and in interpreting their behavior. 
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CONCLUSIONS AND RECOMMENDATIONS 
Alloy and bimetallic catalyst surfaces have been modelled using two 
different techniques. Surfaces of a planar, seml-lnflnlte nature have 
been modelled using a classical thermodynamic approach while surfaces 
of small (<100 &) bimetallic catalyst particles have been modelled using 
the Monte Carlo simulation technique. 
The multilayer surface segregation model which was developed to 
predict compositions In the surface region of a material Is capable of 
handling more than two components, systems which exhibit non-Ideal solu­
tion behavior, and systems comprised of elements (or molecules) of 
differing sizes. 
This model was applied to the Ag-Au, Cu-Nl, and Au-Nl binary systems 
as well as the Cu-Nl-Pt ternary system. Silver was found to segregate 
to the outermost atomic layer in the Ag-Au binary and surface layers were 
found to be alternately enriched or depleted (relative to the bulk region) 
in silver. In the Cu-Nl binary, copper was found to segregate to the 
first atomic layer and decrease in concentration in a monotonie fashion 
until the bulk region was reached. Both regular solution and Margules 
solution models were used in this system with the Margules model giving 
slightly better agreement with experimental data. Gold was found to 
segregate to the surface in the Au-Nl binary. Greater segregation of 
gold was predicted when the size difference between the elements was 
accounted for. In the Cu-Nl-Pt ternary system, copper was found to 
segregate to the surface causing a relative depletion of both nickel and 
platinum in the outermost atomic layer. 
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The Monte Carlo simulation technique was used with the surface 
modified pair potential model in order to study bimetallic catalyst 
particles with dispersions on the order of 30 to 60%. Systems modelled 
were the Pt-Ib, Ag-Ru, and Pt-Rh bimetalllcs. In general, it was found 
that the lb metals underwent surface segregation in the group Vlll-Ib 
systems and also tended to occupy the low-coordinated sites on the crystal 
surface first. With the Pt-Rh bimetallic particles, platinum was found 
to undergo net surface segregation, although in contrast to the behavior 
observed in the group Vlll-Ib systems, the metal which segregated was 
found to be relatively depleted at the low-coordinated corner and edge 
sites of the crystallite. 
Recommendations 
Suggestions for further research into the topic of alloy and 
bimetallic catalyst surfaces fall under two general categories: additional 
modelling studies and experimental verification. Specific recommendations 
are listed below: 
1. Modelling studies should be performed on additional metallic 
systems of catalytic importance or both semi-infinite crystal 
and small particle systems. Suggested elemental combinations 
for further study include Pt/Re and Pt/Ir which are important 
bimetalllcs for catalytic reforming and the Pt/Pd/Rh combination 
which is important as a so-called "three-way" automobile catalyst. 
2. Since catalysts operate in environments in which they are 
continually in contact with various molecules in either the gas 
or liquid phase, simulations need to be performed which take into 
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account the effect these adsorbed molecules have on the surface 
of the particle. Because the Monte Carlo program Is already set 
up to take these Interactions into account, the main problem 
lies In obtaining reliable data for energies of adsorption. While 
some data are available in the literature [40], some type of 
estimation method will likely have to be found for many 
interactions of interest. 
In order to more accurately model real supported catalysts, it 
would be desirable to simulate a system with many particles of 
differing sizes, shapes, and compositions. One possible 
approach to this problem would be to randomly initialize a very 
large area of support material with atoms of the elements 
contained in the catalyst and then allow the Monte Carlo 
procedure to determine the equilibrium structures, sizes, and 
compositions of the crystallites. While such a procedure would 
be relatively easy to implement in principle, it would require 
large amounts of computer storage along with rapid processor 
speed to make simulation times reasonable. 
Results from modelling and simulation studies are of questionable 
value unless it can be shown that they agree well with actuality. 
Thus, experimental verification of theoretical predictions should 
be eagerly sought. Experimental techniques which can be used to 
check predictions of surface compositions include Auger spectros­
copy, ion-scattering spectroscopy (ISS), solid state NMR and 
chemisorption. Information regarding the nearest neighbor 
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environment of elements In a bimetallic catalyst particle can 
be obtained from analysis of extended X-ray absorption fine 
structure (EXAFS) data. The structure and sizes of some 
bimetallic catalyst particles may be determined by electron 
microscopy techniques. Finally, reactor studies of bimetallic 
catalysts can yield Indirect evidence pertaining to surface 
compositions and structures. The above types of experiments 
have already been done on a limited basis and results from 
these have agreed well with predictions generated from this work. 
Nevertheless, It would be helpful to model systems which are 
currently being studied by these techniques. 
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APPENDIX A 
Use of the Multilayer, Multlcomponent Programs 
The multilayer, multlcomponent surface segregation programs are 
contained on the disk labeled "Multilayer". There are two main 
executable files on this disk, INTERACT.EXE, and BATCH.EXE. Both of 
these programs perform surface segregation computations for binary and 
ternary FCC systems, the only difference being that desired bulk 
compositions are entered one at a time Interactively In the program 
INTERACT while a series of bulk composition Is read In from a data file 
In the program BATCH. Both programs generate two output files, the names 
of which are determined by the user. A "profile" output file contains 
the composition depth profile(s) while a "composition" output file 
contains simply bulk and first layer compositions. 
The multilayer, multlcomponent surface segregation programs require 
the following information or data: 
2 1. Surface free energy for each component present in cal/cm . 
2. The FCC lattice constant for each element in X. 
3. The surface orientation [(111) or (100)] desired. 
4. The temperature. 
5. The "conversion tolerance" (0.0001 works well). 
6. The maximum number of iterations desired. (The program should 
converge in less than 100 iterations.) 
7. What type of solution model is to be used. 
There are currently three options available in these surface 
segregation programs as to what type of solution model is used: regular 
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solution, Margules, and a polynomial fit of measured activity 
coefficients ("real data" model). Both the Margules and "real data" 
model may only be used with two-component systems. The regular solution 
model may be used for either two- or three-component systems. The 
regular solution model requires a value for the mixing parameter (In 
cal/mole) for each possible pairing of elements present. This mixing 
parameter Is defined by 
W = AG®*/ZX^ Xg. 
If the user cannot provide this value directly, a subroutine (which Is 
selected by the user) will calculate an average value given AG®* vs. 
composition data. The three-suffix Margules model (see Section I) 
requires the user to supply the coefficients À and B. These coefficients 
are obtained by solving the defining equations at Infinite dilution: 
A = RT/2(lnY^  + InYg) 
B = RT/2(lnY2 ~ Iny^ ) 
The "real data" model requires the user to supply the coefficients of an 
activity coefficient fitting polynomial for each of the two elements 
present. The polynomial is of the form 
= y-intercept + G1(1)X^  + G1(2)X^  + Gl(3)X^  + ... . 
The coefficients of the above polynomial may be obtained by using the 
program REGRESS on the disk labeled "Utilities" and entering activity vs. 
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composition data, or by using a commercially available polynomial 
fitting routine. 
The information listed In Items 1-7 above Is stored In a data file 
which Is named by the user. The programs are set up so that a data file 
may be created. If necessary, by simply following the prompts. 
Running the multilayer, multlcomponent surface segregation programs 
requires the user to Insert the program disk Into the default drive, type 
In either "INTERACT" or "BATCH" followed by <RETURN> and follow the 
Instructions which appear on the screen. The resulting output files may 
be dumped to a printer by hitting the PRINT key and typing In "TYPE 
FILENAME" (where FILENAME Is the name of the desired output file) followed 
by <RETURN>. 
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APPENDIX B 
Use of the Monte Carlo Bimetallic Simulation Program 
The program for the simulation of bimetallic catalyst particles is 
contained on the disk labeled "Monte Carlo". The executable code is 
contained in the file MONTE.EXE and the FORTRAN source code used to 
generate this file is contained in the files MONTE.FOR, SUBI.FOR, 
SUB2.F0R, CSORB.FOR, and SURF.FOR. To operate, the Monte Carlo program 
requires two input files: a file containing the energetic parameters of 
the two metals present In the particle (data file) and a file containing 
information about the size and shape of the particle being modeled 
(Initialization file). Both of these files will be discussed In greater 
detail later. 
The use of the Monte Carlo simulation program is straightforward 
once the input files have been created and consists of initializing the 
program and responding to several prompts. An example of how to use 
this program to perform a "typical" simulation is outlined below. In 
this case, it will be assumed that a 201 atom cubo-octahedral particle 
containing 23% silver and 75% platinum is to be modeled. The steps to 
take are as follows: 
1. Insert a blank, formatted disk in drive A. Change the default 
drive to B by typing in "B:". Turn on the printer. 
2. Insert the disk labeled "Monte Carlo" in drive B and start the 
program by typing in "MONTE". 
3. A prompt will appear asking if you want the results of the 
simulation written to the disk in drive A. Generally, you respond 
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by typing "Y". Typing "N" displays output to the screen only 
and no permanent record is kept. 
4. The next prompt that appears asks you if you want only surface 
atoms shown on the graphic output. Responding with a "Y" 
results in a smaller graphics output file and will save disk 
space if you wish to store these files. However, the pictures 
that result from these abbreviated files necessarily take on a 
hollow appearance. In general, unless you are planning on 
saving many picture files or disk storage is a problem, the 
response to this prompt should be "N". 
5. After responding to the above prompt, another will appear asking 
you for the name of a data file. Remove the "Monte Carlo" disk 
from drive B and insert the disk containing the data file for 
the elements being modeled. In this case, the data file is 
named ÂGPT.DAT and Is on the disk labeled "Monte Carlo Data and 
Initialization Files". Type in this name and press <RETURN>. 
6. The next prompt that appears asks you to choose one of three 
types of lattice Initialization schemes. In most cases, the 
response will be number 2, the "random initialization" option. 
This option places atoms randomly throughout a given crystal 
structure prior to beginning the Monte Carlo procedure. Option 1 
is used only if the user has manually placed "atoms" in a crystal 
structure (i.e., an initialization file) and desires this 
particular configuration to be the initial one. Option 3 is used 
if further simulation is desired on a particle which has already 
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undergone the Monte Carlo procedure. In this case, a previous 
output file Is read In as an Initialization file. If either 
option 1 or 3 Is selected, the user Is promoted for the 
appropriate file and the computational portion of the program 
begins. 
7. If the random Initialization procedure Is selected (this will 
usually be the case) a prompt will appear asking for the name 
of the Initialization file containing the desired crystal 
structure. In this example, we want the file containing the 
structure of the 201 atom cubo-octahedral particle. The name of 
this file is CUBE1.DAT, so place the disk labeled "Monte Carlo 
Data and Initialization Files" into drive B if it Is not in 
already and type "CUBEl.DAT". The screen will then clear as the 
program reads in the initialization file. After this file is 
read, a prompt will appear Informing you how many total atoms 
are present in the particle and asking how many atoms of silver 
are to be randomly placed within the crystallite. Since we want 
a particle containing 25 wt% silver, 50 silver atoms are needed. 
After making this response, the computational portion of the 
program will begin and no further input is required. 
Output Files 
The Monte Carlo simulation program produces four output files, all 
written to the disk in drive A. The names of these files and the informa­
tion they contain are discussed below: 
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BIMET.OUT: This file contains the general results of the 
simulation and Includes such statistics as relative dispersions, 
the fraction of particle surface covered by the two components, 
the fraction of a given type of site occupied by a certain 
element, etc. Statistics are given for both an average of 
particle configurations and for the final configuration of the 
particle. All parameters from the input data file are echoed 
in this output file. 
COORD.OUT: This file contains nearest neighbor statistics 
along with conflguratlonal and metal-support energies. The 
first set of values listed is for the initial configuration and 
the second set of values is for the final particle configuration. 
INITIAL.OUT: This file contains the coded structure of the 
initial particle configuration which is used by the graphics 
programs (see below) to generate an on-screen picture of the 
particle. 
FINAL.OUT: The coded structure of the final particle configura­
tion is contained in this file and is used by the graphics 
program to generate a picture. 
Hardcopies of BIMET.OUT and COORD.OUT may be obtained by pressing 
the <PRINT> key and giving the command TYPE FILENAME where FILENAME is 
either BIMET.OUT or COORD.OUT. After the files have been printed, press 
the <PRINT> key again. 
Structure of the Input Data Files 
Before the structure of a data file is looked at closely, it should 
be noted that two "runs" occur each time the Monte Carlo program is 
executed. Each run may be thought of as a separate simulation. For 
example, this allows the user to run the simulation at a high temperature 
initially and then run the last portion of the simulation at a relatively 
low temperature. The user may also choose whether or not to model 
chemlsorption effects during a particular run. The length, temperature. 
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and chemlsorptlon of both runs are all determined by the parameters In 
single Input data file. 
A typical Input data file Is shown in Figure B-1. A line-by-line 
explanation of the parameters follows: 
Line 1: The two-letter chemical symbol for the elements 
contained in the particle are given in this line. The first 
element is referred to as "component A" and the second as 
"component C". These symbols are read in as character 
strings and must be enclosed in single quotes. 
Line 2: This line contains the SMPP constants a, b, and c 
for component A; 
• n 2 
e. = a + bn + cn . 
Line 3: This line contains the SMPP constants a ,  b, and c 
for component C. 
Line 4: This line contains the interchange energy, w, in 
units of eV/bond. 
Line 5; The first two numbers are the metal-support 
interaction energies in eV/atom for components A and C, 
respectively. The first Integer following these numbers 
indicates whether chemlsorptlon effects are to be modeled 
during the first portion of the simulation (run 1) and the 
next integer Indicates the same for the second part of 
the simulation (run 2). A zero indicates no chemlsorptlon 
is to be modeled and a one Indicates chemlsorptlon effects 
are to be taken into account. The character string following 
these numbers is a symbol for the chemlsorbed species 
(assuming chemlsorptlon is being modeled) and may be up to 
four characters long. The next two numbers are the heats 
of adsorption in kcal/mole for the chemlsorbed species on 
component A and component B, respectively. The last number 
is the fractional surface coverage assumed for the cheml­
sorbed species. It should be noted that even if no 
chemlsorptlon is to be modeled, the program will "expect" 
the numbers and characters to be present in their proper 
locations. Hence, if you are creating a new data file and 
are not planning to simulate chemlsorptlon, "dummy" numbers 
and characters will have to be used in the appropriate 
positions on this line. 
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1. 'Ag' 'Pt' 
2. -0.2397 -0.01601 
3. -0.4015 -0.05232 
4. 0.0 
5. -0.197 -0.2 
6. 550.0 550.0 
7. 55415 2971 
0.001301 
0.003759 
0, 0, 'CO' -19.0 -44.0 0.5 
5,5 4,2 5,5 
Figure B-1. Input data file for the Ag-Pt system 
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Line 6: The first two numbers are the temperatures (In K) 
of runs 1 and 2, respectively. The next two integers 
(NARKl, NÂRK2) set the number of major loop cycles desired 
in runs 1 and 2, respectively. The following two integers 
(MARKl, MÀRK2) set how many major loop cycles are 
executed in the respective runs before statistical averaging 
of configurations is begun and before the configurâtional 
energy of the crystal is output to the printer after each 
loop. MARKl and MÂRK2 must be at least one less than NARKl 
and NARK2, respectively. The last two integers (ITCNTl, 
ITCNT2) on this line determine how many times during a 
major loop cycle that the crystal lattice is "swept" for 
possible atom switches. The values of the last six integers 
shown in this example data file have been found to work 
well with fixed crystal structures at moderate temperatures 
(about 550K). 
Line 7: This line contains the random number seeds used in 
runs 1 and 2, respectively. 
Data files may be created or modified with any text editor capable 
of writing standard ASCII files. For example, Peachtext may be used in 
the "program" mode (by issuing the "MP" command) or the line editor 
"EDLIN" found on the DOS disk may be used. 
Initialization Files 
Initialization files contain information regarding the size and 
shape of the particle being simulated. Initialization files for four 
different sizes of cubo-octahedral particles have been created and are 
present on the disk labeled "Monte Carlo Data and Initialization Files". 
Table B-1 contains a list of these cubo-octahedral files. 
The above initialization files are ready to use for a simulation in 
which the atoms of the two elements are to be placed randomly in the 
structure prior to the start of the Monte Carlo procedure. 
If for some reason a different particle shape or size is desired, 
it will be necessary for the user to create an initialization file. This 
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Table B-1. Cubo-octahedral initialization files 
Filename Total no. of atoms Total dispersion 
CUBE1.DAT 
CUBE2.DAT 
CUBE3.DAT 
CUBE4.DAT 
201 
586 
1,289 
2,406 
0.602 
0.457 
0.367 
0.306 
is done with the aid of the program INIT.EXE which is found on the disk 
labeled "Monte Carlo Utilities". To use this program, insert a blank, 
formatted disk in drive A and the disk with INIT.EXE into drive B. 
Assuming the default drive is A, type "BiINIT". A prompt will appear 
asking to select either the (100) or (111) lattice orientation. Since 
the Monte Carlo program has been primarily developed for the (100) 
orientation, make this selection. The next prompt that appears will ask 
you to select one of three lattice sizes; 12 x 24, 20 x 40, or 30 x 60. 
Unless you plan on modeling very large particles, select either of the 
first two dimensions. The next prompt asks how many layers thick the 
lattice will be. Select a size that is at least two layers more than 
the height (measured perpendicular to the support in terms of atomic 
layers) of the particle you plan on modeling. After responding to this 
prompt, a file named INIT.DAT will be written to drive A. The next step 
in creating an initialization file is to use a full-screen text editor 
(such as Peachtext in the "program mode") to edit the newly created 
INIT.DAT file. This file contains blocks of zeros separated by blank 
lines and nonzero numbers in the left margin. The blocks of zeros 
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represents an atomic layer with the topmost block in the file 
representing the layer adjacent to the support and additional blocks 
representing atomic layers lying on top of the layer represented by the 
previous block. In editing an INIT.DAT file, you need not be concerned 
with any nonzero numbers appearing at the top of this file or in the 
margins, as these are simply for "bookkeeping" use by the simulation 
program. In order to place an "atom" in the lattice, one simply replaces 
a 0 by either a 1, which represents an "A" atom, or a 2, which represents 
a "C" atom. Since the zeros are laid out to represent a (100) lattice 
orientation as closely as possible, it is relatively easy to create a 
desired crystal structure in this manner. If a "custom initialization" 
is desired (i.e., a specific particle shape and element distribution), 
the number and placement of "A" and "C" atoms must be determined prior to 
the simulation and manually placed into position in the initialization 
file. However, if a random initialization is preferred (the most likely 
case), one need only be concerned with the shape and total number of atoms 
when creating an initialization file. In other words, all I's or all 2's 
can be used in the initialization file to generate the overall particle 
shape. When the random initialization option is chosen in the Monte Carlo 
program, the user will be prompted for the number of "A" atoms desired in 
the particle. The program will then randomly place these atoms throughout 
the predetermined crystal structure. 
Use of the Graphics Programs 
There are two programs on the "Monte Carlo Utilities" disk which are 
needed to transform either an INITIAL.OUT or FINAL.OUT file to a picture 
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of a bimetallic particle on a screen. These programs are CONV.EXE, 
which converts the coded lattice coordinates contained in an output file 
to X, y, and z coordinates, and COLOR.EXE which actually does the 
plotting of the atoms to the screen. 
To use the graphics programs, insert the "Monte Carlo Utilities" disk 
into drive B and the disk containing the INITIAL.OUT or FINAL.OUT files 
into drive A. If drive A is not the default drive, make it so by typing 
"A;". Start the coordinate conversion program by typing in "B:CONV". 
A prompt will appear asking what file you want to convert. Assuming you 
want to look at the final configuration of the particle, type in 
"FINAL.OUT". After verifying that this is the file you want, the program 
will ask if the object should be turned upside down. For all bimetallic 
particle simulations, the reaporise should be "Y". The next question that 
will be asked is what lattice orientation should be used. Select the 
(100) orientation. After the responses to all these questions are entered, 
the program will do the necessary computations and ask for the name of an 
output text file. This file will be used by the program COLOR.EXE to 
generate the on-screen picture. You may give this file any name up to 
eight characters in length. After the filename has been entered, the 
program will write this file to the appropriate disk before terminating. 
The next step in generating a picture is to use the program COLOR.EXE. 
Start this program by typing in "B;COLOR". You will be prompted for the 
name of a text file. Enter the name of the output file that you created 
using the program CONV.EXE. The next set of prompts deals with the 
rotation of the particle for the desired perspective. A rotation of 
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thêta = 20 and phi = 10 seems to work well for cubo-octahedral particles. 
After entering the rotation parameters, you will be asked to input the 
desired diameter of the atoms in terms of pixels. Suggested values to 
use (on the TI microcomputer) are 11 for the larger particles (>1000 
atoms) and 17, 19, or 25 as the particles become smaller. The last 
question that the program asks is how many layers you want to look at. 
Suggested values to use for the cubo-octahedral particles containing 201, 
586, 1,289, and 2,408 atoms are 5, 7, 8, and 10, respectively. After 
entering the appropriate number, the program will read in the data from 
the requested file, perform some computations, and then prompt the user 
for a choice of colors for the atoms. These colors are made by typing in 
integers corresponding to colors. The two integers must be typed in the 
same line and separated by a comma. For example, if you want the "A" atoms 
to be white and the "C" atoms to be red, type in "7,2". After the color 
choice is made, the picture of the particle will be put up on the screen. 
If you want information regarding dispersions to be displayed on the 
screen, type in the letter "F". A hardcopy of the particle and dispersion 
text may be obtained from a printer by simultaneously pressing the <ALT>, 
<SHIFT>, and <PRINT> keys. If a hardcopy of the particle without any text 
is desired, press only the <ALT> and <PRINT> keys. To change the color 
and/or diameter of the atoms, type in "C" and follow the prompts. To exit 
the program, change the rotation of the particle, or generate a picture 
of another particle, type "N" and follow the instructions. 
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APPENDIX C 
Notes on Surface Phase Stability 
The purpose of this appendix is to touch briefly upon the subject 
of the stability of surface regions. Because catalytic properties can 
depend greatly on what phases of a catalyst are present at the surface, 
prediction of phase behavior in this region should be of great interest 
from both a theoretical and practical point of view. 
There are several important papers which have dealt with the general 
topic of surface phase stability and which warrant brief mention. 
The first of these is an article by C. R. Helms published in 1977 
[41]. In this article. Helms assumes the surface region to be a monolayer 
thick and to behave as a regular solution (i.e., the partial molar excess 
entropy of mixing is zero) with no three-body or higher interactions 
taking place. Only binary solutions were investigated. In the case where 
the surface region was assumed to be in equilibrium with the bulk, the 
behavior predicted by Helms was that only for a relatively narrow range 
of heats of vaporization and bulk composition did the surface region 
undergo a phase separation before the bulk. The particular case examined 
was for a temperature decrease along a line of constant bulk composition. 
However, in the case of a quenched alloy sample. Helms concluded that due 
to much higher rates of surface diffusion as compared to bulk diffusion, 
a separate surface phase transition can occur much more readily than if a 
condition of bulk-surface equilibrium existed. According to Helms, the 
surface in this case effectively behaves as a two-dimensional solid with 
no surface-bulk interactions occurring. 
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In an earlier paper by D. F. Ollls [42], the effects of an Interface 
between two phases of an alloy crystallite were examined. In essence, 
Ollls predicts that below a certain particle size the positive free 
energy contribution from interface formation becomes significant enough 
to delay phase separation until a temperature below what would be 
expected for a phase transition In a larger sample Is reached. 
The above work by Ollls has been disputed by Hoffman [43] who, while 
acknowledging that particle size does Indeed play a role In phase 
stability, states that the primary reason for this behavior is not the 
Interfacial contribution to free energy but rather suppression of nuclea-
tlon. Hoffman emphasizes that by suppression of nucleatlon, phase separa­
tion is delayed until the spinodal curve is reached. 
In the following paragraphs, the criteria for the stability of a 
surface region will be developed In a manner analogous to the development 
of stability criteria of the bulk region used by Modell and Reld [44], 
This method of development makes heavy use of Legendre transforms, taking 
advantage of their compact notation and the interrelationships between 
transforms. 
The foundation upon which all criteria for stability is built is 
the logical deduction from certain postulates that an isolated system 
which is at a state of stable equilibrium is at a maximum with respect to 
its entropy content. In order to see whether or not a system is stable 
with respect to small changes In certain variables, one must observe 
whether or not such changes cause a permanent alteration of the state of 
the system. In terms of the principle of entropy maximization, this means 
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that to test a system which Is at equilibrium (I.e., nothing changing 
with time and no flows) for stability one must determine If the entropy 
under those conditions Is at a local maximum. Mathematically, this 
means that second or higher-ordered variations of entropy must be less 
than zero. However, In practice, one usually looks at stability from 
an energy (U) point of view, since the stability criteria resulting from 
having energy as the dependent variable In the fundamental equation can 
easily be put In terms of such familiar state functions as H, j?, and G. 
(Note: The symbols U, 2* H, and all refer to the extensive states of 
the system.) 
Stability criteria developed from the U representation of the 
fundamental equation result from finding whether or not the system under 
consideration Is at a local minimum with respect to Internal energy. The 
fact that energy must be a local minimum In order to be stable Is a 
logical deduction from the entropy maximization principle. In order to 
develop surface stability criteria using the minimization of energy as 
the theoretical foundation, use will be made of Legendre transforms to 
convert this theoretical principle into more meaningful forms. 
By writing the fundamental equation with U as the dependent variable 
Modell and Reld [44] and Beegle et al. [45] have shown that the various 
stability criteria may be succinctly stated as 
 ^ k-1 2 2 yL ôZu > 0 (c-i) 
k-1 K 
where y^ ^^  symbolizes the second partial derivative of the (k-l)th 
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Legendre transform of the basis function (in this case, U) with respect 
to the Kth Independent variable. The term contains variations of 
Independent variables and products of these variations with certain 
second partial derivatives of Legendre transforms. The most Important 
fact about the 52^  term, however. Is that It Is squared and hence the 
size of the ôZ^  product is dependent only the sign of y^ ^^ . 
Therefore, if one allows only one 5Z^  term to be nonzero, the criteria 
k-1 for stability become y^  ^ > 0 where k=l,2,...m-l with m being the 
number of independent variables in the fundamental equation. The term 
in~X 
V is not included in these stability criteria since the second partial 
of y® ^  with respect to the Mth Independent variable Involves the 
derivative of a fixed independent variable with respect to an extensive 
variable and hence is identically zero. Since a system becomes unstable 
whenever any one of the above mentioned partial derivatives becomes 
negative, it would be desirable if one could find out which derivative 
becomes negative before the others as the system in question approaches 
instability. This can indeed be done by application of Legendre transform 
identities. By use of these identities it is possible to show [44, 45] 
that the particular derivative becomes negative before any 
lower ordered Legendre transform term. Thus the inequality 
becomes a necessary and sufficient criterion for stability. Because 
the above development placed no restrictions on the ordering of independent 
variables in the fundamental equation and because second derivatives of 
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Legendre transforms may be expressed in terms of lower ordered transforms 
the stability criteria for a system can be expressed in many ways. 
Application of Stability Criteria to Surfaces 
In dealing with surfaces, one can set forth the same general form of 
stability criteria as in bulk systems, i.e. 
being the necessary and sufficient criterion for stability. However, in 
dealing with surface systems, one has the added complication of three 
independent variables in addition to the amounts of different substances 
present being needed to completely fix all other variables in the system. 
This third independent variable (when jj is written as the dependent 
variable) is the surface area. Thus the fundamental equation for the 
surface region of a binary alloy can be written as 
U" = f(S° V° A, NJ, Ng) (C-4) 
where A is the total surface area and the a superscripts signify the 
surface region. A necessary and sufficient criterion for stability then 
3 becomes y^  ^> 0 or 
/8^ (G-0A)\ 
(-7^ ) " 
where the a  term multiplying the area term is the surface free energy 
of the binary. Application of Euler's theorem to the function yields 
the identity 
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,a 
G -OA = + dgNg (C-6) 
where 5^  and 6^  are the chemical potentials in the surface phase defined by 
"^4 = i ~  J  (C-7) 
®^ 1 T,P,A,N% 
Taking the first derivative of the quantity G^ -oA with respect to and 
applying a Glbbs-Duhem relation gives the relation 
'9(G-oA) /9(G; a \ 
(C-8) 
Thus a necessary and sufficient criterion for stability can be stated as 
9^  . 
> 0 (C-9) 
In terms of mole fractions it can be shown that this inequality may be 
written as 
(5) > 0 (C-10) 
*^1 T^,P,a 
where x° is the mole fraction of component 1 in the surface phase. 
In order to compare the stability criteria of surface and bulk 
regions, it is instructive to look at the case where both regions behave 
as regular solutions. 
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One stability criterion for a bulk region may be written as 
(C-11) 
where is the chemical potential of component 1 in the bulk region. If 
a regular solution is assumed, the activity is given by 
RTlnaj^  = Vl2^ *2^  ^ ^^ Inx^  ^ (C-12) 
where NQ is Avagadro's number and the regular solution parameter. 
Subsequent substitution into equation (11) yields the result 
T >  ^ (C-13) 
Therefore, if the term on the right hand side of the above inequality 
becomes greater than the temperature, the bulk region will undergo a phase 
separation. The highest temperature at which a bulk phase separation can 
occur (the critical temperature, T^ ) may be found by differentiating the 
right hand side of (13) with respect to one of the mole fractions and 
setting the result equal to zero. Doing so gives the result 
I, = (C-14) 
In a similar fashion, the expression for surface activity for a regular 
solution may be used in equation (10) to derive the following stability 
criterion: 
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(C-15) 
where Is the number of lateral nearest neighbor bonds and Z Is the 
total number of nearest neighbor bonds. The critical temperature for the 
Thus, the critical temperature for the surface region of a regular 
solution is found to be less than that in the bulk region by a factor of 
2L/Z. 
If one models the Cu-Nl system as a regular solution, the values 
for T^  and T^  [(111) surface] are found to be 693 K and 346 K, 
respectively. Using a monolayer regular solution model to determine 
surface segregation in this system, it is possible to compare whether 
or not phase separation will occur in either the surface or bulk region. 
Such a comparison is given in Table 1. 
Note that it is theoretically possible for a system that behaves as a 
regular solution for either the surface or bulk regions to undergo a 
phase separation while the other region remains monophaslc. However, 
different solution models may yield somewhat different predictions. 
surface region, T^ , is then easily found from the above expression to be 
c 2RZ (C-16) 
The Copper-Nickel System 
Table C-1. Phase separation in surface and bulk regions in the Cu-Ni system 
T (K) yBulk Cu 
Surface^  
Cu RHS (13)^  (K) 
RHS (15)C 
(K) 
Bulk phase 
separation 
Surface phase 
separation 
300 0.005 0.5 1.4 346 no yes 
300 0.1 0.999 249 1.4 no no 
673 0.1 0.843 249 183 no no 
673 0.45 0.943 686 74 yes no 
(^111) surface. 
R^ight hand side of equation 
'^ Right hand side of equation 
(13). 
(15). 
Ln O 
